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ON THE MECHANISM OF ACTION OF THE ANTIDIURETIC HORMONE 
(VASOPRESSIN) 


By Conrapb T. O. Fonc,t LAWRENCE SILVER, Davin R. CHRISTMAN, AND 
Irvine L. ScHWARTZ 


THE MEDICAL RESEARCH CENTER OF BROOKHAVEN NATIONAL LABORATORY, AND THE NEW YORK 
UNIVERSITY COLLEGE OF MEDICINE, 


Communicated by Donald D. Van Slyke, August 5, 1960 


Evidence available at present indicates that a primary function of the peptide 
hormones, vasopressin and insulin, is to influence membrane permeability. The 
chemical basis for this action is ill defined in spite of considerable knowledge con- 
cerning the structure and physiological action of these hormones. In our previous 
investigation findings on the interaction of vasopressin with kidney receptor sites 
indicated the formation of a covalent bond resulting from a thiol-disulfide exchange 
reaction.!. The present paper substantiates this finding and suggests a plausible 
mechanism of action for the antidiuretic hormone.f 

Materials.—Preparation of tritiated vasopressin (H*AVP): In our hands, tritia- 
tion by the usual Wilzbach method gave low yields and unpredictable specific 
activities. Hence we resorted to a modified Wilzbach procedure, employing an 
electric discharge for tritium labeling.” 

AVP§ obtained from chromatographing beef pitressin powder* was introduced 
into a cup-shaped electrode attached to one-half of a cylindrical pyrex cell. After 
sealing, the cell was evacuated and tritium gas was allowed to flow in (pressure less 
than 5mm Hg). An electric discharge was produced by connecting the electrodes 
to an AC transformer in series with an autotransformer. The cell was re-evacuated 
to remove excess tritium and other gases and the tritiated H*AVP was dissolved 
in dilute acetic acid and lyophilized. This latter process was repeated three times 
and the lyophilized protein was then purified twice by chromatography through a CM 
cellulose column according to the method of Ward and Guilleman.* H*AVP with 
a specific activity of approximately 400 we/mg and a biological activity of about 
400 pressor units/mg‘ was obtained, indicating a high degree of purification (Tig. 1). 

Preparation of acetyl LVP: Acetyl LVP was prepared by reacting LVP (pre- 
pared from pitressin powder according to the method of Ward and Guilleman*) 
with acetic anhydride in glacial acetic acid. The acetyl derivative was subse- 
quently purified by chromatographic separation using a CM cellulose column. 

Todination of AVP with tracer I'*'; Todination of the hormone was carried out 
by the usual KI; method using 0.2. ammonium hydroxide in place of bicarbonate.° 
The IAVP was purified through a CM cellulose column. 
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ON THE MECHANISM OF ACTION OF THE ANTIDIURETIC HORMONE 
(VASOPRESSIN )* 


By Conrap T. O. Fone,t LAWRENCE Sintver, Davip R. CHRISTMAN, AND 
Irvine L. ScHWARTZ 


THE MEDICAL RESEARCH CENTER OF BROOKHAVEN NATIONAL LABORATORY, AND THE NEW YORK 
UNIVERSITY COLLEGE OF MEDICINE, 


Communicated by Donald D. Van Slyke, August 5, 1960 


Evidence available at present indicates that a primary function of the peptide 
hormones, vasopressin and insulin, is to influence membrane permeability. The 
chemical basis for this action is ill defined in spite of considerable knowledge con- 
cerning the structure and physiological action of these hormones. In our previous 
investigation findings on the interaction of vasopressin with kidney receptor sites 
indicated the formation of a covalent bond resulting from a thiol-disulfide exchange 
reaction.! The present paper substantiates this finding and suggests a plausible 
mechanism of action for the antidiuretic hormone.{ 

Materials.—Preparation of tritiated vasopressin (H*AVP): In our hands, tritia- 
tion by the usual Wilzbach method gave low yields and unpredictable specific 
activities. Hence we resorted to a modified Wilzbach procedure, employing an 
electric discharge for tritium labeling.” 

AVP obtained from chromatographing beef pitressin powder*® was introduced 
into a cup-shaped electrode attached to one-half of a cylindrical pyrex cell. After 
sealing, the cell was evacuated and tritium gas was allowed to flow in (pressure less 
than 5mm Hg). An electric discharge was produced by connecting the electrodes 
to an AC transformer in series with an autotransformer. The cell was re-evacuated 
to remove excess tritium and other gases and the tritiated H*AVP was dissolved 
in dilute acetic acid and lyophilized. This latter process was repeated three times 
and the lyophilized protein was then purified twice by chromatography through a CM 
cellulose column according to the method of Ward and Guilleman.? H®AVP with 
a specific activity of approximately 400 uwe/mg and a biological activity of about 
100 pressor units/mg‘ was obtained, indicating a high degree of purification (Fig. 1). 

Preparation of acetyl LVP: Acetyl LVP was prepared by reacting LVP (pre- 
pared from pitressin powder according to the method of Ward and Guilleman*) 
with acetic anhydride in glacial acetic acid. The acetyl derivative was subse- 
quently purified by chromatographic separation using a CM cellulose column. 

Todination of AVP with tracer I'*'; Todination of the hormone was carried out 
by the usual KI; method using 0.2. ammonium hydroxide in place of bicarbonate.* 
The IAVP was purified through a CM cellulose column. 
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Fic. 1.—Chromatography of H*AVP through CM cellulose column. 
u.v. curve; —- radioactivity curve. 


Methods.—In vivo binding and separation of hormone-receptor proteins: The 
following experiment demonstrates in vivo combination of H*AVP and a kidney 
protein fraction. Partial dissociation of this complex was effected by treatment 
with cysteine, mercaptoethylamine, and thioglycollate. 

Seven rats were hydrated by stomach tube and anesthetized with dilute ethanol 
by mouth. Approximately 5 wg of H*AVP in 0.5 ml saline were injected into each 
rat over a 5-min period via a cannulated external jugular vein. Ten minutes 
after the onset of the injection of H*AVP, at the peak of antidiuretic activity, the 
kidneys were quickly excised and dropped into liquid nitrogen. These were 
homogenized with nine volumes of 30 per cent ice-cold sucrose,® saturated with 
NEM to bind sulfhydryl groups and thereby block any interchange reaction, and 
centrifuged for 20 min at 400 K gand 5°C. The residue was suspended in several 
volumes of 30 per cent sucrose and recentrifuged at 400 X g. The precipitate was 
then rehomogenized in saline containing NEM and recentrifuged at 4000 XK g 
for one half-hr. The pellet, containing cell membrane debris and nuclei, was sus- 
pended in water, dialyzed against cold tap water and electrodialyzed to remove 
ionic bonded H*AVP. After electrodialysis acetone was added to the aqueous 
suspension to a concentration of about 90 per cent and the precipitated proteins 
were centrifuged and dried in vacuo. 

Equal portions of these fractionated kidney proteins were shaken overnight 
at 37°C with the following reagents made up in 0.1 ./ sodium bicarbonate, ad- 
justed to pH 8.0: (a) bicarbonate control; (b) 0.1 MW cysteine; (¢) 0.1 MZ B-mer- 
captoethylamine; (d) 0.1 VW thioglycollate. The treated tissues were centrifuged, 
in sequence, with water and acetone and dried in vacuo. The dried kidney pro- 
teins thus obtained were prepared for tritium analysis by a modified Wilzbach 
combustion method,’:.. using gas proportional counting. 

Results.—In a series of fractionations higher specific activity of H*AVP-kidney 
protein complex was obtained by partial sucrose fractionation than by the original 
procedure.! Table 1 shows a typical experiment in which sucrose fractionation 
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TABLE 1 
H®AVP ContTENT oF Sucroseé FRACTIONATED KIDNEY PROTEINS TREATED witH VARIOUS THIOL 
CoMPOUNDS IN BICARBONATE AT pH 8 
Disintegrations per Average dpm % HeAVP 
Treatment min per mg protein per mg released 

0.1 M sodium bicarbonate (control ) $2.91 $5.09 13.50 
0.1 M cysteine 22.49 22.39 22.45 
0.1 M B-mercaptoethvlamine 19.8) 19.34 19.57 
0.1 M thioglycolate 22.61 22.91 22.76 


TABLE 2 
H3AVP ConTEeENT oF FRACTIONATED KIDNEY PROTEINS (1500 X g) AFTER TREATMENT WITII 
Toro: CompouNnps IN 8 M Urea pH 8 
Disintegrations per Averagedpm % HAVP 
Treatment min per mg protein per mg released 
Control 8 4:3 7 3 
2% Cysteine 2.3 7 
2% B-Mercaptoethylamine 2.3 
2% Thioglvcolate 2.2 1.47 


3 16) 
3 16 
5 58 


was employed and Table 2 shows the results from a fractionation procedure essen- 
tially as previously described using 8 M urea and sodium hydroxide instead of 
bicarbonate in the thiol-compound treatment. Examination of these tables shows a 
quantitative difference of bonded H*AVP following thiol-compound treatment of 
the protein. The release of approximately 46-58% H*AVP indicates a cleavage of a 
sulfur-sulfur bond by mercaptide ions. 

Discussion.— Our experiments suggest a sulfur-sulfur bond in the hormone- 
receptor interaction. The basis for proposing a specific thiol-disulfide exchange 
reaction and the evidence in support thereof are: 

1. The investigations of Ames and Van Dyke® on pitressin and our observa- 
tions on vasopressin (unpublished results) showed that the loss of antidiuretic 
activity paralleled the reduction of the hormone disulfide. 

2. The studies of Cafruny, Carhart, and Farah" on the effects of various hor- 
mones on the thiol concentration in kidney cells from hypophysectomized rats 
showed that treatment with pitressin produced a diminution of sulfhydryl groups 
in the convoluted portions of the proximal and distal tubules. No changes in 
thiol concentration in the same kidney tubule sections were observed with growth 
hormone (a disulfide hormone) and other hormones (thyroxin and thyrotropin). 
This finding suggests a specific hormone-receptor interaction in the distal convoluted 
tubule, a segment in which vasopressin-induced water reabsorption is known to 
occur. The similar finding in the proximal convoluted tubule raises the possibility 
of a similar hormone-receptor interaction at this site in the nephron, although the 
functional significance of a proximal permeability change is not apparent. 

3. The release of reduced tritiated hormone from hormone-receptor kidney 
proteins after treatment with thiol compounds (Table 1) indicates a cleavage of a 
disulfide bond. 

4. Toad bladders (Bufo marinus) treated with thiol-blocking agents, such as 
NEM, p-chloromercuribenzoate and methylmercuricbromide, showed considerably 
less disulfide-linked H*AVP than did untreated bladders."! 

The interaction of the antidiuretic hormone with its receptor may require ‘ 


specificity dictated by stereochemical and electrostatic effects. 
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With the structure of arginine vasopressin, CyS-Tyr-Phe-Glu( NH.) -Asp(NHb) - 


Cys: Pro- Arg-Gly(NH2),'*: '’ and all the above considerations in mind, a plausible 
mechanism for the action of the antidiuretic hormone is: 

(a) The hormone is attracted to its receptor site by electrostatic interactions of 
opposite charges, i.e., the positively charged groups of the hormone and the nega- 
tively charged groups of the receptor. At short ranges hydrogen bonding, through 
the tyrosyl hydroxyl group and amide groups of glutamine, asparagine, and gly- 
cinamide, emerges as a prominent attractive force. The proper interactions be- 
tween attractive and repulsive forces bring about an alignment of the hormone 
with its receptor site. 

(b) The thiol-disulfide exchange reaction, which is a nucleophilic attack of the 
receptor mercaptide ion on the hormone disulfide, takes place. This results in a 
hormone-receptor disulfide. Subsequently, a series of sulfhydryl-disulfide reac- 
tions induces alterations of the tertiary structure of membrane proteins. This 
chain reaction brings about conformational changes in the protein components 
of the diffusion barrier. The resultant molecular sieve-like structure allows for an 
increase in the flux of water and certain solutes through the partially “loosened”’ 
membrane. 

(c) The hormone-receptor disulfide bond is ultimately cleaved by a reductase 
in conjunction with one or more other enzymes.'* > Such a reverse reaction in 
which the receptor sulfhydryl group is regenerated restores the membrane to its 
original state and completes the cycle (Fig. 2). 


Seg 
a. 
ee 


Fig. 2.—Schematice mechanism of antidiuretic hormone action. 


A few preliminary experiments were designed to test several points of this 
hypothesis. These included the elimination of the positively charged groups by 
acetylation of LVP. This derivative gave an antidiuretic activity (in the rat) 
of approximately !/49) of the original. Iodination of AVP and LVP resulted in 
derivatives manifesting about '/ i the antidiuretic activities of the original hor- 
mones. This suggests a reduction in hydrogen bonding through the tyrosyl hy- 
droxyl group. These data are consistent with the postulated hypothesis. It 
is interesting to note the presence of a terminal prolyl peptide chain in a number 
of hormones (oxytocin, insulin, melanocyte-stimulating hormone): such a chain 
may contribute to molecular specificity." '’ An examination of structural analogs 
of vasopressin'’~*! and the correlation of their antidiuretic activities in the dog and 
rat?? is consistent with this hypothesis and implies the necessity for a correct 
molecular fit of the hormone to its receptor. In this mechanism the disulfide of 
the hormone is considered the essential functional group. A review is available 
on the role of sulfhydryl-disulfide interchange reactions in biological processes 
concerned with the phenomena of protein denaturation, blood clotting, and mi- 


tosis. *° 
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It is interesting that one of the prime functions of insulin is to alter the per- 
meability of insulin-sensitive membranes to sugars.*4 Investigations of Lindley* 
and Fraenkel-Conrat™ have indicated that the intrachain disulfide bond of insulin 
is preferentially cleaved on partial reduction and hormonal activity is thus lost. 
This suggests that a thiol-disulfide exchange reaction similar to that postulated for 


vasopressin may be involved. 

Summary.—Evidence is presented to indicate that a covalent bond is formed 
in the interaction of vasopressin and its receptor. The disulfide bond thus formed 
is a result of a thiol-disulfide exchange reaction. A mechanism of action for the 
antidiuretic hormone is suggested which assumes that this exchange reaction under- 
lies the increased passive transport of water induced by vasopressin. 


We gratefully acknowledge the interest and support of Dr. L. Thomas, Dr. A. B. 
Gutman and the J. M. Kaplan Foundation, and the assistance of Miss M. A. 
Schoessler. 


* This research was supported in part by a grant from the National Science Foundation and 
in part by the U. 8. Atomie Energy Commission. 

t Inquiries should be sent to the author at Brookhaven National Laboratory, Upton, New York. 

t AVP and LVP are referred to by synonyms, ‘‘vasopressin’’ and ‘antidiuretic hormone.”’ 

§ Abbreviations used are: AVP, H*AVP, IAVP, arginine vasopressin, tritiated arginine vaso- 
pressin, and iodinated vasopressin, respectively; LVP, lysine vasopressin; CM cellulose, carboxy- 
methyl-cellulose; NEM, N-ethylmaleimide. 
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STUDIES ON THE MECHANISM OF ACTION OF VASOPRESSIN* 


By Howarp Rasmussent, Irvina L. Scowartz, Mary ANNE SCHOESSLER, AND 
Gerty HocHstTEer 


THE ROCKEFELLER INSTITUTE AND THE MEDICAL RESEARCH CENTER OF BROOKHAVEN NATIONAL 
LABORATORY 


Communicated by Lyman C. Craig, August 4, 1960 


In spite of the work of du Vigneaud and his collaborators on the isolation, char- 
acterization, and synthesis of the neurohypophyseal hormones, vasopressin, and 
oxytocin,! relatively little is known concerning their basic mechanism of action. 
Studies by Ussing, Leaf, Bentley, and Sawyer indicate that these agents change 
the permeability of amphibian membranes to water, urea, and sodium ions.?~!! 
One of the most simple structurally of these membranes is the urinary bladder 
of the toad, Bufo Marinus, which consists of a single layer of epithelial cells sup- 
ported by a minimal amount of connective tissue, smooth muscle, and blood ves- 
sels.° Work done with this membrane indicates that the bladder wall is relatively 
impermeable to water and urea under resting conditions, and that the neuro- 
hypophyseal hormones increase dramatically the permeability. A simple in 


° . - & . . ” 
vitro system has been devised to measure this action of the hormones.’ Such a 


system has been utilized in the present study in an effort to define the mechanism 
of action of the neurohypophyseal hormone, arginine vasopressin. Two aspects 
of the problem have been investigated. The results indicate that the change in 
permeability induced by arginine vasopressin (AVP) is not directly dependent upon 
oxidative metabolism and that the attachment of the hormone to the bladder in- 
volves, in all likelihood, the formation of a mixed disulfide. 

Effects of Oxygen, Substrate, and Temperature upon the Action of Vasopressin. 
The first question to be studied was whether or not the hormones catalyzed a 
reaction which is linked directly to the energy yielding reactions of the cell. 

In the studies to be reported, the method of Bentley’: * was employed. Either 
an amphibian Ringer (Nat — 112 mM, K+ — 3.2 mM, Cl~ — 114mM, HCO; 
— 2.0 mM, HPOs — 1.2 mM, Mg++ — 1.0mM, SOF — 1.0 mM, Catt — 2.0 
mV, mOs.W/ — 220, pH — 7.36) or a similar solution with the sodium ion replaced 
by choline ion was used. Hypotonic Ringer solutions were prepared by dilution 
| to 5 with distilled water. (54 mOsM). The osmolar concentrations of the solu- 
tions were measured in the Fiske Osmometer. The toads, weighing approximately 
200 gm, were kept well-hydrated but not fed. They were pithed, and the bladders 
dissected out immediately before use. The urinary bladder is a bilobed structure, 
which was removed in two parts, one half usually serving as control for the second. 
Hach lobe was mounted upon the tip of a hollow glass rod which extended through 
a rubber stopper. A wire loop was attached to the rod. After the bladder was 
mounted (mucosal side in) 2 ml of hypotonic Ringer were added through the hollow 
glass tube, and the mounted bladder suspended in 20 ml of isotonic Ringer (serosal 
solution) through which was bubbled continuously either air, nitrogen, or oxygen. 
The mounted bladder assembly was removed from the serosal solution after a pre- 
determined time and weighed without blotting to +2 mg. The weight loss was 
recorded as mg/min. Under control conditions with '/; Ringer’s solution inside 
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(mucosal) and Ringer’s solution outside (serosal) the weight loss averaged approxi- 
mately 0.5-1 mg/min, whereas following the addition of arginine vasopressin 
(0.0125y/ml) to the serosal solution the weight loss increased to 10-20 mg/min. 
The mucosal and serosal solutions were changed at the end of each 20 min period. 
The data reported are the mean of at least six separate experiments. The results 
were usually quite consistent (+15%). 

In Figure 1 is illustrated a representative experiment which shows the effect of 
0.0125y7/ml of arginine vasopressin (AVP) upon the permeability of the bladder 
in sodium and choline solutions. The rate of weight loss of bladders kept in choline 
is approximately 50 per cent of that in sodium, although during the control period the 
bladder placed in the choline Ringer was more permeable than the one in sodium 
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Fic. 1.—The effect of arginine vasopressin (AVP), 0.0125y/ml, upon the weight loss of the 1so- 
lated urinary bladder of the toad in vitro in sodium and in choline Ringer. The arrows indicate the 
points at which both the mucosal and serosal solutions were changed. When the serosal solution 
was changed, a new dose of AVP was added, so that the hormone concentration was maintained 
relatively constant. Time is in min. 


Ringer. The striking increase 1 water movement Is a passive process because 
when the osmotic gradient was reversed by the addition of sufficient mannitol to 
render the mucosal solution hypertonic to the serosal bath, the direction of the 
water movement was also reversed. A similar observation has been reported by 
Sawyer who worked with the bullfrog bladder."! 

In Figure 2 are summarized the results of a series of experiments which show 
that the rate of change of permeability was independent of the oxygen and glucose 
concentrations. Choline Ringer was used to eliminate variations in sodium trans- 
port and the attendant changes in oxygen consumption. The results shown in 
Figure 2 were obtained from experiments carried out at 8.5° but similar results 


were noted at 17°. 





BIOCHEMISTRY: RASMUSSEN ET AL. Pao: NoA, S: 





@ 


e——-—e Nitrogen 
o———o Nitrogen and glucose |OmM 
e—s Oxygen and glucose |OmM 


Water loss mg./min 


Bay 








poadoeried (netfee! Voth tte = | L 


~-40 O 80 120 


Time 


Fig. 2.-—-The effect of changes in oxygen and glucose concentration upon the rate of change of 
bladder permeability (as measured by weight loss)induced by AVP(0.0125y/ml) in choline Ringer. 
The experiments were carried out at 8.5°. Either oxygen or nitrogen was bubbled through the 
serosal choline solution in which substrate (glucose) was either present or absent. 





In Table 1 are recorded data concerning the effects of arginine vasopressin on 
the oxygen consumption of the isolated toad bladder in choline Ringer. These 
studies, which were carried out using classical manometric techniques, indicate that 
there is no change in oxygen consumption upon the addition of hormone in choline 
tinger solution. By contrast, Leaf et al. have shown that the addition of hormone 
to the bladder in sodium Ringer results in an increased oxygen consumption,” 
presumably because of increased sodium transport. 


TABLE 1 
THe Krrect or Various AGENTS UPON THE OXYGEN CONSUMPTION OF THE ISOLATED TOAD 
BLADDER AT 25° 
Oxygen Consumption, wl Oe/mg dry wt/ hr 

Agent Sodium Ringer Choline Ringer 
Control! 1.07 0.11 0.68 + 0.16 
AVP 1.40 + 0.17 0.65 + 0.15 
10-4 NEM serosal 0.29 0.07 0.22 + 0.07 
10-4 NEM mucosal, first 30 min 1.18 0.09 
10-* NEM mucosal, 30-60 min 0.76 0.06 
DH 6.6 serosal 1.08 0.14 


The effects of change of temperature upon the action of the hormone was also 


studied. Arginine vasopressin increased the water permeability of the bladder 


kept at 2.5°, under nitrogen, in choline Ringer, and in the presence of 107? KCN. 
The most striking effect of a change in temperature was upon the rate of initiation 
of the change in permeability. For example, at 17° there appeared to be little 
or no lag in the opening of the permeability barrier whereas at 8.5°, a delay of 10-12 
min, and at 2.0° a delay of 20-25 min were noted. From the difference in slopes 
of the curves obtained at 8.5° and at 17°, a Q" for the rate of change of permeability 


was calculated to be 1.66. 
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Bentley? has shown that the permeability of the bladder to water returns -to 
control values when the hormone is washed out of the solution bathing the serosal 
surface or if that solution is made more acid than pH 6.8. As shown in Table 1 
the oxygen consumption of bladders incubated at pH 6.6 is not significantly dif- 
ferent from those incubated in the standard pH 7.6 solution. 

These results indicate that in all likelihood the chemical reactions which control 
the reversible opening and closing of the permeability barrier of these cells, and 
which are regulated by the neurohypophyseal hormones, are not directly linked to 
the oxidative metabolism of these cells. 

Actions of Sulfhydryl Agents.—Since the hormone contains a disulfide bond, which 
is essential for its action,'® it is possible, as has already been suggested,'* ™ that 
the primary interaction between hormone and receptor site involves a disulfide- 
sulfhydryl interchange reaction between sulfhydryl (SH) groups at the receptor 
site and the disulfide S-S linkage in the hormone molecule. To test this possibility, 
a number of the more common sulfhydryl reagents and sulfhydryl compounds were 
tested for their ability to augment or inhibit the action of vasopressin. These 
studies were all carried out at 17° with either choline or sodium Ringer. The 
results are summarized in Table 2. A number of general metabolic inhibitors 
had little effect upon AVP action when added to bladders immersed in choline 
solutions whereas a number of sulfhydryl reagents had a marked effect. For 
example, N-ethylmaleimide (NEM) added to the serosal solution in concentrations 
greater than 1 X 10~* M inhibited completely the effect of vasopressin. At a 
concentration of 10~* 4M, inhibition was only partial. 

The hormones oxytocin and vasotocin were found to increase the permeability 
to water in the toad bladder, in confirmation of Sawyer’s observations upon the 
frog bladder.'' Vasotocin was several hundred times more potent than vaso- 
pressin. Pretreatment of bladders with NEM or p-hydroxymercuribenzoate 
inhibited the action of both vasotocin and oxytocin as well as of vasopressin. 

NEM was also able to fix the bladder in a more permeable state after vasopressin 
had altered the permeability. As illustrated in Figure 3, addition of arginine vaso- 


pressin to the serosal solution caused an increase in permeability which was reversed 
when the AVP was removed. If, however, 10-* 11 NEM was added before the 
AVP was washed out, the bladder remained open after the AVP had been removed. 
lurthermore, as shown in Figure 4, this effect of NEM was not completely re- 
versed by bringing the pH of the serosal solution to 6.3, whereas the effect. of AVP 


alone was completely reversed by this procedure. 

As may be seen from Table 2, a number of organic mercurials produced the same 
effect as NEM, but neither iodacetamide, nor a number of sulfhydryl or disulfide 
containing compounds altered significantly the action of AVP. 

It has been proposed that the permeability barrier, and, therefore, the site of 
action of AVP, is at or near the mucosal surface of the epithelial cells of the bladder. '® 
Yet it has been shown that AVP is not active when added to the mucosal surface.5 
The current explanation of this fact is that the mucosal barrier is impermeable to a 
molecule the size of AVP, so that the latter is unable to penetrate the barrier and 
get to the site of action. Because NEM is a much smaller molecule, it seemed pos- 
sible that it might act when added directly to the mucosal solution. Such a 
possibility was confirmed, for when either 10~* 17 NEM or methylmercuric bromide 
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Fig. 3.—The effect of N-ethylmaleimide ( NEM) upon the reversal of the increased permeability 
of isolated toad bladder induced by AVP in choline Ringer. The AVP was added to both sets of 
bladders at time zero, NEM was added to one set (----) after 25 min, then at 60 min the AVP 


was washed out of both sets. The permeability of the control bladders rapidly returned to normal, 
whereas those treated with NEM remained highly permeable. 
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Fig. 4.—The effect of pH change upon the AVP-induced permeability change of the isolated 
toad bladder in choline Ringer. When the serosal pH was decreased from 7.3 to 6.3 the permea- 
bility of the AVP treated bladders returned to control values, whereas bladders treated with AVP 
and then NEM were maintained in a state of increased permeability even when the pH was 





lowered to 6.3. 
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TABLE 2 


THe Errect or VARI0ouS COMPOUNDS UPON THE PERMEABILITY OF THE TOAD BLADDER AND UPON 
THE ACTION OF ARGININE VASOPRESSIN 


Compound Concentration Permeability AVP action 

Serosal Surface 
N-ethylmaleimide 10~ Inhibition 
N-ethylmaleimide 10 Inhibition—(partial) 
Methyl! mercuric bromide 10- Inhibition 
p-hydroxymercuribenzoate 10- Inhibition 
p-chloromercuriphenyl] sulfonic acid 107" Inhibition 
Mercaptoethylamine 10-' None 
Reduced glutathione 10~* None 
Oxidized glutathione 107 None 
Cystine 10- None 
Cysteine 1O~? None 
lodoacetamide 10~ None 
Sodium sulfite 107? None 
Potassium cyanide 10-8 None* 
Sodium fluoracetate 10-2 None* 
Dinitrophenol 1078 None* 


Mucosal Surface 
N-ethylmaleimide 10-3 Inhibition 
N-ethylmaleimide 10-3 Inhibition 
for 2 min 
N-ethylmaleimide LS ig Inhibition 
N-phenylmaleimide 10-8 Inhibition 
N-phenylmaleimide 1o~* Inhibition 
Methyl merduric bromide 10-4 Inhibition 
Methyl mercuric bromide 107 Inhibition 
Methyl mercuric bromide 10-6 None 
Iodoacetamide 10-2 Inhibition— (partial) 
Pencillamine 10-3 None 
Succinimide 10-3 None 
N-Bromosuccinimide 10-3 Inhibition 
Disodium versenate 10-2 None 
Potassium cyanide 10-3 None 
Sodium sulfite 10-3 None 
Mercaptoethanol iQ-* None 
Under the permeability column ( ) indicates no change; (I) indicates a significant increase in permeability; 
and (SI) a slight increase. ! 
* These agents have no effect on the action of AVP upon bladders immersed in choline Ringer, but do produce a 
slight inhibition of AVP action in sodium Ringer. 


were added to the mucosal solution they completely inhibited the action of AVP 
added subsequently to the serosal solution. Iodoacetamide at the same concen- 
tration produced a partial inhibition of AVP action. When NEM, N-phenyl- 
maleimide, or methylmercuric bromide (MMBr) were added to the mucosal surface 
in concentrations of 10~* or 10-5 M, they induced a change in bladder permeability 


qualitatively similar to that seen after the addition of AVP to the serosal surface. 


lurthermore, the effect was more pronounced in sodium than in choline solutions 
(Fig. 5). The action of NEM 10~* M was irreversible whereas that of methyl 
mercuric bromide was partially reversible. 

If the mucosal surfaces of the bladders were bathed in 10-? M NEM for 1.5—5 
min and then washed free of this agent, their permeability increased subsequently 
as shown in Figure 6. The pattern observed was quite similar to that seen after 
the addition of 1.5 X 10-* M AVP to the serosal surface (Fig. 1). 

When 10-4 M NEM was added to the mucosal solution, it had little effect upon 
oxygen consumption during the first 30 min of incubation (Table 1) and depressed 
oxygen consumption only 25-30 per cent in the next 30-min period, whereas the 
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Fic. 5.—The effect of 10~* NEM upon the weight loss of the isolated bladder in saline and in 
choline Ringer. The NEM was added to the mucosal at time zero. Compare with Figure 1. 
same concentration of NEM added to the serosal solution depressed oxygen con- 
sumption 80-90 per cent within 15-20 min (Table 1). As illustrated in Figure 6, 
the maximal change in permeability induced by the addition of NEM to the mucosal 


16r- 


— 
mm wv 


_ 
oO 


Le >) 


§.NEM 1079 


Weight loss (mg./min.) 
aN © 


nw 


1 
! 
! 
U 
| 
| 
! 
U 
| 
! 
U 
! 
{ 
' 
! 





a I I 1 L 
120 160 


- 40 0 40 80 
Time (min.) 


The effect of 10-3 M NEM added to the mucosal solution for 2 min and then washed 


Fia. 6. : 
out. Following this treatment the weight loss was followed in the usual manner with '/; sodium 
Ringer solution inside (mucosal) and sodium Ringer outside. No AVP was added. Because of 
the washing out procedure there is a gap in the recording of the weight loss. 
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surface occurred within 20 min, a time at which there was no change in oxygen 
consumption. This suggests, as do the results in Figure 6, that the NEM was 
acting at or near the mucosal surface of the cell and not penetrating into the cell 
to any great extent. These results support Leaf’s proposal'® that the permeability 
barrier of these cells is at or near their mucosal surface. 

In Table 2 are summarized the data concerning the effects of various other agents 
upon bladder permeability and AVP action when added to the mucosal surface. 
All of the compounds which were effective in either inhibiting AVP action or 
mimicing the effects of this hormone are well-known sulfhydryl reagents. N-bromo- 
succinimide, which inhibited the effect of AVP, is not widely used as a sulfhydryl 
reagent but undoubtedly reacts readily with sulfhydryl groups. It is noteworthy 
that succinimide, the saturated analog of maleimide, was completely ineffective 
in either changing bladder permeability or inhibiting the effect of AVP. 

Discussion.—The data presented indicate that the primary reaction of arginine 
vasopressin with its receptor site in the amphibian bladder is not directly dependent 
upon metabolic energy. In addition, the data are consistent with the supposition 
that one of the primary interactions between the hormone and receptor involves 
the disulfide bond of the hormone and a sulfhydryl or related grouping in the 
receptor. It is proposed that under control conditions the permeability of the 
bladder is maintained by a protein or lipoprotein barrier rich in sulfhydryl groups 
and disulfide bonds. These interact constantly so that a dynamic equilibrium is 
present. The introduction of AVP is followed by the interaction of the S-S bridge 
of the AVP with an SH group in the receptor. A new S-S bridge is formed be- 
tween hormone and receptor and a new SH group on the hormone appears which 
reacts in turn with an S-S bridge in the receptor forming a second S-S bridge be- 
tween hormone and receptor, and liberating a new SH group on the receptor. 
The entire process is reversible so that the newly formed receptor SH can either 
interact with another AVP molecule or reversibly release the first. At any given 
time the number of AVP molecules bound to the tissue will depend upon the AVP 
concentration. Sulfhydryl reagents, such as NEM, will prevent the action of 
AVP by interacting with free SH groups, or prevent the reverse reaction by binding 
the new receptor SH groups. The reversibility of a number of other disulfide in- 
terchange reactions has been reported." 

More difficult to explain are the observations that NEM or MMB, added to 
the mucosal solution at concentrations of 10~* M completely inhibit AVP action 
whereas at lower concentration they mimic its effect. At present the data can be 
interpreted best on the assumption that the structure of this barrier is in a state of 
dynamic equilibrium with disulfide interchange reactions going on constantly, so 
that at any given moment a small number of free sulfhydryl groups are available. 
The addition of a sufficient concentration of NEM will completely inhibit this 


process, whereas a lower concentration in some manner catalyses the breakdown 


of an S-S bridge. Such a proposal is not novel in the field of sulfhydryl chemistry. 
A number of chemical studies of sulfhydryl and disulfide reactions have shown that 
the type of reaction or interaction observed is critically dependent upon the con- 
centration of reagents employed." !% 

One set of observations which seem to indicate that sulfhydryl or disulfide 
groups are not involved in the hormone action are those which show that iodo- 
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acetamide does not have a very profound influence upon hormonal effect. Similar 
unexplained situations have been observed in sulfhydryl chemistry before however. 
An SH group of a particular protein may react readily with one sulfhydryl reagent 
and sluggishly or not at all with another.'*:'* Steric factors, charge, and the 
presence or absence of RS~ groups have been invoked to explain these ‘‘anom- 
alous”’ results. 

Another fact which does not fit readily into the present scheme is the reversion 
of the bladder to its original state of impermeability observed when the serosal 
solution is acidified after AVP has increased bladder permeability. No adequate 
explanation is apparent but further experiments with tritiated AVP are in progress 
and may help in elucidating the nature of the pH effect. 

Although the change in water permeability, induced by the addition of NEM 
and other agents to the mucosal surface of the bladder, is similar to that observed 
following the addition of AVP to the serosal surface, there are certain differences 
in their action. The most striking difference is that the effect of the hormone is 
reversible whereas that of NEM is not. Also, when the hormone is added in the 
presence of sodium ion, there is an increase in oxygen consumption, but a decrease 
or no change is observed after NEM, suggesting that NEM may change the per- 
meability to water but not augment sodium transport. Hence the hormone 
may have two separate actions, one on water permeability and the second on 
sodium transport. The site of these two functions may be spacially and func- 
tionally independent as has been suggested by the work of Crabbe who found that a 
steroid hormone, aldosterone, when added to the serosal surface of the toad bladder 
in vitro,’ will increase sodium transport without changing water permeability. 

That a protein is an integral part of the mucosal barrier of the cell is suggested 
by our observation that certain proteolytic enzymes (trypsin and pepsin), when 
placed in the solution bathing the mucosal surface cause the bladder to become 
more permeable. No data are presently available as to the protein involved; nor 
is there any indication as to how the postulated disulfide interchange reaction can 
bring about a change in membrane permeability. 

Because the results obtained with oxytocin and vasotocin were so similar to 
those noted with vasopressin it may be suggested that one of the primary inter- 
actions between a neurohypophyseal hormone and its receptor site involves a di- 
sulfide interchange. The affinity of any particular hormone for a specific receptor 
will be determined by the molecular complementarity between the two. 

Summary.—The well-known ability of arginine vasopressin (AVP) and other 
neurohypophyseal hormones to increase reversibly the permeability of the isolated 
amphibian bladder to water has been used as a measure of hormone action. It has 
been possible to show that this permeability change is not directly dependent 
upon the oxidative metabolism of the cell. Furthermore, a number of sulfhydryl 
reagents have been shown either to inhibit the effect of AVP or to prevent the 
reversibility of the permeability change. The hormone is only effective if added 
to the serosal surface of the bladder, although it is thought that the permeability 
barrier of the bladder is at or near the mucosal surface of its epithelial cells. The 
sulfhydryl reagents, however, have been found to inhibit AVP action when added 
to either surface. If added in critical concentrations (10~4 to 107°) to the mucosal 


surface, sulfhydryl reagents induce a change in permeability which is qualitatively 
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similar to the effect of AVP (added to the serosal surface) but is irreversible. From 
these observations it has been concluded that one of the primary interactions be- 
tween arginine vasopressin and its receptor site in the bladder involves a disulfide- 
sulfhydryl interchange reaction. 
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We have suggested in preliminary publications! * that the antidiuretic action of 
vasopressin in the mammalian kidney may depend on a sulfhydry]-disulfide inter- 
change involving SH groups on the receptor and the S-S bridge of the hormone. 
Strong support for this concept is presented in the preceding paper*® where it is 
shown that the vasopressin-induced increase in the permeability of a simple living 
membrane (the toad urinary bladder) depends on the availability of free and ac- 
cessible SH groups on the membrane and where it is also shown that this action of 
vasopressin does not depend directly on the oxidative metabolism nor on the sodium 
transporting function of the membrane. 

The present work, employing tritium-labeled arginine vasopressin, provides 
direct evidence for this concept, for it has been found that there is a close correla- 
tion between the formation of hormone-receptor disulfide bridges and the physiologi- 
cal action of vasopressin on membrane permeability. 

Experimental Methods.—-Highly purified arginine vasopressin was prepared from a 
partially purified Pitressin powder* by ion exchange chromatography® and then 
tritiated by exposure to H* gas under electric discharge.* Easily exchangeable 
tritium was removed by repeated solution and lyophilization from dilute acetic 
acid, following which the tritiated arginine vasopressin (H*AVP)f was separated 
from radiation degradation products by the same chromatographic procedure® 
used originally to purify the natural hormone. This work is described in detail by 
Fong, Silver, Christman, and Schwartz.7 

In addition to chromatographic and electrophoretic evidence for purity, rat 
antidiuretic assay and rat pressor assay showed biological activity of approximately 
100 pressor units/mg, which is comparable to potencies that have been reported 
for highly purified preparations of natural arginine vasopressin.’~'? The specific 
radioactivity of the purified H*AVP was 426 uc/mg. 

The procedure used to measure the hormonal effect on the permeability of the 
bladder is described in the preceding paper.* In our hands Pitressin, Pitocin, 
Syntocinon,'® arginine vasopressin, H*-arginine vasopressin, jysine vasopressin 
and arginine vasotocin'‘ all showed activity of the same relative potencies as re- 
ported by Sawyer." 

Exposure of bladders to tritiated arginine vasopressin (H*AVP) was carried 
out in the same manner as experiments with unlabeled hormone or by a modified 
procedure in which the bladders were filled with Ringer’s solution diluted 1:5, 
and then tied as balloons as they were slipped off a tapered glass tube. These 
“balloons” were then placed in an aerated bath of full-strength Ringer’s solution. 
Hormone and/or sulfhydryl-binding reagents were added to the latter solution 
to give final concentrations in the bath as follows: H*AVP — 2.5 & 10-8 M (ea. 
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0.025 ug/ml) (ca. 19 my/ml); N-ethylmaleimide, 10~* to 10-> M; p-chloromercuri- 
benzoate, 10-* to 10-5 M; methyl mercuric bromide, 10~-* to 10-* M. In most of 
the experiments in which sulfhydryl-binding reagents were used, the bladders 
were incubated in Ringer’s solution containing these compounds for a period of 20 
min and then exposed to H*AVP for 30 min. At the same time control bladders 
were incubated for 20 min in plain Ringer’s solution and then exposed to H*AVP for 
30 min. In all experiments involving H*AVP the bladders were removed from the 
hath, cut off below the tie to eliminate the possibility of measuring hormone which 
had entered the cells through the cut edges, and then placed either in ethanol or 
boiling water for 2 to 3 min to destroy enzymatic activity. In either case the 
ethanol or the water contained N-ethylmaleimide, 10~* .V/, in order to inhibit thiol- 
disulfide interchange reactions which might take place during the course of the 
denaturation of the bladder protein. 

The bladders were then treated to remove adsorbed and/or electrovalently bound 
radioactivity, that is, hormone attached to tissue through ionic and hydrogen 
bonds. In the early experiments this was accomplished by electrodialysis for 48 
hr followed in some instances by treatment with 8 / urea. Bladders were placed 
in viscose tubing which was tied at both ends and immersed in a large container 
filled with distilled water at 10°C. Pt electrodes were placed in the container and 
a potential difference of 800 to 1,000 volts was maintained throughout the time of 
dialysis. The water was changed repeatedly. In later experiments, hormone 
attached to the bladder by noncovalent forces was removed by subjecting the tissue 
to a series of successive immersions (for 2-3 min with shaking) in 1.0 M NaCl, 
0.15 M NaHCO; (pH 8.5), and Na Acetate buffer (pH 4.0). Bladders subjected to 
this latter procedure showed the same level of residual tightly bound radioactivity 
as those given the more lengthy electrodialysis (Table 1). In some experiments 
bladders were given an additional wash in a solution of 8 M urea. This treatment 
caused no change in the level of residual radioactivity. After removal of adsorbed 
and/or electrovalently bound hormone, some of the bladders were subjected to 
conditions specific for the cleavage of disulfide bonds, that is, each bladder in 
this group was placed in a vial containing 3.0 ml of 0.1 M cysteine in 0.15 M NaHCO; 
(pH 8.5). The remaining bladders served as controls. Each bladder in the control 
group was placed in 3.0 ml of 0.1 M glycine in 0.15 4 NaHCO;. The vials were 
gassed with nitrogen, closed tightly with screw caps, and incubated in a water bath 
at 37°C with shaking for 8 hr. After incubation the bladders were removed from 
the vials and blotted on gauze. Each bladder was weighed to the nearest mg and 
placed in a low-potassium, low-background glass vial'® containing 2.5 ml of a solu- 
tion of Hyamine 10-X" in methanol, which dissolved the tissue. Solution of the 
tissue could be hastened by placing the closed vials in a water bath maintained at 
10-45°C. When the bladders were completely dissolved, 12 ml of toluene con- 
taining 600 mg per cent diphenyloxazole (phosphor) and 10 mg per cent bis-phenyl- 
oxazolylbenzene (spectrum shifter) were added to each vial. The samples were 
chilled to —10°C, and tritium activity was assayed in a Packard Tri-Carb liquid 
scintillation counter. Quenching due to Hyamine, methanol, and tissue was 
measured by addition of an internal standard (H*-Butanol) as described by Vaughan, 
Steinberg, and Logan.'* Results were calculated as counts per min, corrected for 
quenching, per gram bladder tissue. 
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Results.—Effect of AVP and H*®AVP on membrane permeability: Yollowing 
addition of H*AVP to the serosal bath the change in water permeability of the 
isolated bladder was similar in all respects to that observed after the same dose of 
nonlabeled AVP (Table 2, compare columns 1 and 3). This indicates that sub- 
stitution of tritium for hydrogen atoms in the vasopressin molecule did not decrease 
hormonal potency or alter in any way the action of the hormone on the permeability 
to water of the bladder. 

Binding of H®AVP to bladder tissue: Following labeling of the bladders by 
addition of H*AVP to the serosal bath, inactivation of enzymes with alcohol or 
heat and removal of loosely bound (adsorbed, salt-linked, hydrogen-bonded) label, 
significant amounts of radioactivity still remained associated with the bladder 
tissue (Table 1). From 50 to 80 per cent of this residual tightly bound radioactivity 
was removed by incubation of the bladders under mild conditions (0.1 1/7 cysteine, 
pH 8.0-8.5) which reduce disulfide bonds but do not hydrolyze peptide bonds 
(Table 1, Fig. 1A). This indicates that the loss of radioactivity from the bladder 
occurred because an S-S bond between the bladder and the hormone had been 
split. 
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Fic. 1.—Radioactivity of H*AVP labeled bladders after treatment with 
cysteine to remove disulfide bound H* as compared with the radioactivity 
of H®AVP labeled bladders treated with glycine as controls. The vertical lines 
to the left of the bars give the range of values derived from six experiments. 
(A) Bladders were removed from the bath after 30 min of exposure to H*AVP 
when hormone action was near maximal. (8B) Bladders were exposed to 
H*AVP for 30 min and then washed with fresh Ringer’s solution for a period 
of 45 min at the end of which time hormone action was no longer manifest, 
that is, the bladder wall had regained its original level of impermeability. 


When bladders were acted upon by tritiated vasopressin and then washed in 
fresh Ringer’s solution several times during a 45-min period, the natural resting 
impermeability of the bladder wall was regained. When bound radioactivity was 
measured after this period of washing, no cysteine-releasable radioactivity could 
be demonstrated (Fig. 1B). 

Effect of SH-binding reagents: As noted in the preceding paper*® when N-ethyl- 
maleimide (NEM), at a final concentration of 10~* Molar, and other SH-binding 
reagents were added to the bath in which the bladders were immersed, the action 
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. TABLE 1 
Rapioactiviry OF BLADDERS LABELED WITH H°AVP aNnp TREATED SUCCESSIVELY TO REMOVE 
NONCOVALENTLY Bounpb H? aNp DisuLFipE-BouNpb H?* 
Radioactivity Bound to Bladder Tissue 


After glycine incubation After cysteine incubation 
(epm/gm tissue) (cpm/gm tissue) 


Conditions for removal 
of loosely bound H® 


Aleohol-NEM 5,380 2,100 
1 M NaCl-pH 4-pH 8 3,900 2,340 
+, 950 2,380 
5,530 2,550 
Boiling HO-NEM 4,600 1,980 
1 M NaCl-pH 4-pH 8 4,320 1,550 
5,080 1,250 
Boiling HxO-NEM +, 420 1,800 
Electrodialysis 3,323 1,010 
Mean = 4611 Mean = 1884 


* The difference in the level of labeling after incubation with cysteine as compared with the level of labeling 
after the control incubation with glycine is a minimum measure of the radioactivity bound to the bladder through 
disulfide linkage. 


TABLE 2 
Errect or AVP, H8AVP, anp N-Eruyt MALetmipe (NEM) on WateR MoveMENT 
Period AVP H*AVP 
(20 Min) Weight loss (ugm/min/em?) Weight loss (u4gm/min/em?) 
1 3 


9 


Bladders filled with 1/5 Ringers; 
immersed in normal Ringers 
60 50 
30 40) 
Change serosal 
bath to Ringers 
containing 
10-3? M NEM 
80 190 
60 160 
AVP added’ 


(0.025 negm/ml of serosal bath) 


No change 


Bladders filled with 1/5 Ringers; 
immersed in normal Ringers 
60 100 
120 80 
Change serosal 
bath to Ringers 
containing 
10-* M NEM 
8O 360 
80 480 
H*AVP added 
(0.025 ugm/ml of serosal bath) 


No change 


1,760 180 1,960 410 
1,940 130 2,380 340 
1,850 170 1,710 330 


of AVP on water permeability was completely inhibited (Table 2), although a 
variety of nonthiol-binding metabolic inhibitors (dinitrophenol 10~* 7, Na fluoro- 
acetate 10-? MW, K cyanide 10~-* M, Na Fluoride 10~-? M, ouabain 10~* ) did not 
block hormone action. It is noteworthy that in the experiments shown in Table 2 
NEM itself produced a small increase in the permeability to water of the bladder 
wall, but this increase was not comparable qualitatively or quantitatively to that 
produced by the action of AVP or H*AVP on unblocked bladders. In parallel 
experiments in which bladders were pretreated with SH binding reagents before 
exposure to H*AVP, there was a striking reduction in the amount of radioactivity 
that remained attached to the bladder tissue after the procedures designed to remove 
noncovalently bound tritiated hormone (Fig. 2). This reduction in bladder label- 
ing was referable primarily to the absence of the normally evident cysteine-re- 
leasable component and only slightly to a reduction of the component that was 
resistant to treatment with cysteine (Fig. 2). These findings indicate that in all 
probability the labeled hormone could no longer form disulfide bridges with blocked 
SH groups on receptor elements of the bladder and, therefore, support the hypothesis 
that an accessible SH group on the target organ interacts with the hormone disul- 
fide bridge as a necessary step in the physiological action of vasopressin. 
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Fic. 2.—Effect of prior exposure to sulfhydryl-binding reagents on the 
labeling of bladders subsequently treated with H*AVP. (NEM = N-ethyl- 
maleimide, CH;HgBr methyl mercuric bromide, PCMB = p-Chloromer- 
curibenzoate.) The vertical lines to the left of the bars give the range of val- 
ues derived from eight control experiments and six experiments with each SH 
reagent. 


In one experiment the serosal surfaces of the bladders were treated with methy] 
mercuric bromide (CH;HgBr), 10~* Molar, for 10 min, and then with cysteine, 
10-! Molar, for 10 min, before exposure to H*AVP. It was found that both the 
hormonal activity and the binding of hormone to bladders through disulfide 
linkage showed the same correlation as observed with bladders receiving no pre- 
treatment prior to exposure to H‘AVP. These data indicate that the binding of 
CH;HgBr by the receptor SH group can be reversed with the resultant regenera- 
tion of a physiologically responsive receptor site. 

Effect of pH: Bentley'® found that bubbling a gas mixture containing 5% 
CO. — 95% Ov» through the serosal bath resulted in a fall in pH to 6.5. Although 
hormone action was almost completely inhibited under these circumstances, a 
systematic study of the relation of this inhibition to the pH of the bath was not 
reported. For this reason we carried out studies of the effect of graded changes 
in the pH of the serosal solution upon the physiological action as well as the binding 
of arginine vasopressin. It was found that when the serosal bath was kept at 
pH 7.0 or below, the hormone action was much less than at pH 7.4 (Fig. 3). Parallel 
experiments showed that, when the action of H*AVP on membrane permeability 
was blocked by lowering of pH of the serosal bath, the disulfide-bound component 
was no longer demonstrable (Fig. 4). These results constitute additional evidence 
that the physiological action of vasopressin involves a sulfhydryl-disulfide inter- 
change since, in this reaction, it is the mercaptide ion that attacks the disulfide 
bond. At a pH of 7 or lower, the ionization of the sulfhydryl group is diminished 
and therefore conditions are unfavorable for the interchange reaction to proceed. 

Binding of H*®AVP in choline Ringer’s solution: As noted previously* when the 
bladder is immersed in choline Ringer’s solution instead of sodium Ringer’s solu- 
tion, the response to a standard dose of AVP was decreased by 50 per cent. How- 
ever, after exposure of bladders to H*AVP, the amount of cysteine-releasable as 
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well as totally bound radioactivity proved 2.0 
to be the same in either solution (Fig. 5). 
Thus, the substitution of choline for so- 
dium in the Ringer’s solutions diminishes 
the effectiveness of AVP in some way 
other than by altering the binding of hor- 
mone to receptor. It seems likely that 
in some more or less complex fashion the 
proper functioning of the sodium pump 
conditions the bulk flow of water through 


a 


LOSS (mg/min /cm*) 
ro 


WEIGHT 


x 


the tissue. “4 

Discussion.—The data presented in this 7" : 
and the preceding paper are consistent Be 70 
with the hypothesis that a primary inter- pH 
action between arginine vasopressin and Fic. 3.—Effect of pH in the serosal bath 
its receptor site in the amphibian urinary on the response of the bladder to AVP. 
bladder involves an interchange between 
the disulfide bond of the hormone and a sulfhydryl! group on the receptor. 

The conclusion that vasopressin is bound to its receptor through a disulfide 
bridge is based on the fact that treatment with thiols, in particular l-cysteine, 
resulted in dissociation of labeled hormone from its attachment to bladder tissue. 
Splitting of disulfide bonds by thiols is a well established reaction which is fully 
described and documented in recent reviews by Cecil and McPhee” and Boyer.?! 
The cleavage may occur by actual reduction of the original S-S bond, as in 


R—S—S—R + 2R’SH ~ R’—S-—S—R’ + 2RSH, 
or by an exchange reaction with formation of a mixed disulfide, as in 


R + R’SH > R—S—S—R’ + RSH, 


and, experimentally, several reductive and interchange components can be identi- 
fied from the reaction mixture. At neutral and alkaline pH the reaction is initiated 
by the mercaptide ion. The important point is that the net result is the splitting 


of the original S-S bond. 

Many reports of the thiol reduction of protein disulfides indicate that the mild 
conditions usually employed are specific in that disulfide bonds are cleaved without 
concomitant hydrolysis of peptide bonds.” ?!_ Pechere, Dixon, Maybury, and 
Neurath,”? in particular, demonstrated the reliability and specificity of alkaline 
cysteine and alkaline thioglycollate as a general laboratory procedure for reduction 
of S-S bonds. Thus, there is considerable evidence to support our conclusion that 
the release of radioactivity from the cysteine-treated bladder is due to cleavage of 
an S-S bond between hormone and bladder. 

The fact that treatment with cysteine does not release all of the bound radio- 
activity suggests that either some of the hormone-bladder disulfide bonds are 
buried and less accessible to attack as a result of the combination, or that some 
hormonal sulfur is associated with the bladder tissue other than through disulfide 
linkage. It is also possible that the cysteine-resistant component of bladder-bound 
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Fic. 4.—Effect of pH in the serosal bath on the binding of 
H*AVP to the bladders. The difference between the cross- 
hatched and open bars is a measure of the disulfide bound radio- 
activity released from the bladders as a result of treatment with 
cysteine. 
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Fig. 5.—Binding of H*AVP to bladders in sodium and in choline Ringer’s 
solutions. 


radioactivity represents hormone linked to bladder through nonsulfur centers in the 
vasopressin molecule. 

Under normal conditions, the cysteine-releasable (i.e., the disulfide-linked) 
component of bound radioactivity is larger than the cysteine-resistant one; but 
when the physiological action of the hormone is terminated or blocked, the cysteine- 
releasable component is minimal or absent in every instance, whereas the cysteine- 
resistant component is of a similar order of magnitude (Figs. 1, 2, and 4). This 
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suggests strongly that the cysteine-resistant bound radioactivity is a result of 
hormone-bladder interactions that are without functional significance. 

Of interest in the above context was the observation that, under proper con- 
ditions, the inhibitory effect of methyl mercuric bromide (CH;HgBr) upon both 
hormonal action and cysteine-releasable hormonal binding could be reversed by 
washing the CH;HgBr out of the bladder tissue with an excess of cysteine. 

Little information is available concerning the nature of the processes by which 
the bladder regains its impermeability when the serosal bath containing hormone is 
replaced with fresh Ringer’s fluid. It is possible that dissociation of hormone from 
receptor may be a simple reversal of the original combination or is effected by a di- 
sulfide reductase.** In either case definitive inactivation of hormone may then 
* formation of mercapto derivatives and attack by pep- 
tidases.*: °° Alternatively, hormone removal may be initiated by intracellular 
mercaptides as suggested in the preceding paper, or other nonenzymatic reducing 
agents which may accumulate in the region of the receptor sites. Accordingly, it is 
of interest that addition of cysteine to the serosal bath (final concentration 0.01 
to 0.1 M) increases the rate at which impermeability is re-established” and, pre- 
sumably, therefore, at which hormone is split off from the receptors. Probably 
the most convincing indication that there is reductive cleavage of hormone from 
receptor is the fact that disappearance of physiological activity is associated with 
disappearance of disulfide-bound radioactivity (Fig. 1). 

The hypothesis that a thiol-disulfide interchange involving receptor and hor- 
mone is concerned critically in the mechanism of action of vasopressin is consistent 
with the dramatic inhibition of hormone action observed when the pH of the serosal 
bath is lowered below 7. Work with simple systems* has demonstrated that the 
nucleophilic attack of a mercaptide ion on an S-S bond will initiate a sulfhydryl- 
disulfide exchange reaction. As the pH of the solution bathing the membrane drops 
below neutrality, receptor mercaptide is more strongly protonated and less able 
to react with the hormone S-S bridge. As detailed under Results and illustrated 
in Figures 3 and 4, there is a striking parallelism between the inhibition of hormone 
action and the inhibition of hormone-receptor disulfide-bonding as the pH of the 
serosal bath is lowered. 


involve dimerization,? 


If we are correct in hypothesizing that an exchange reaction between hormone 
S-S and receptor SH is required for the action of vasopressin on membrane per- 
meability, this explains previous reports in the literature which indicate that the 
integrity of the S-S bridge of the posterior pituitary hormones is important for 
their biological action. Van Dyke, Chow, Greep, and Rothen*® in 1942 reported 
that reductive treatment with cysteine and thioglycollate caused 50 to 100 per cent 
loss, respectively, of the biological activity of their neurohypophyseal protein. 
This finding has been confirmed both for Pitressin?*: ** and purified AVP.” Earlier, 
Sealock and du Vigneaud® had shown that reduction of Pitressin with cysteine 
(followed by benzylation to prevent reformation of the S-S bridge) resulted in 
complete inactivation of the hormone with regard to its pressor effects. Oxytocin 
also is inactivated by reduction, as shown by Audrain and Clauser.*! These 
workers assayed the hormone under anaerobic conditions, thus preventing reoxida- 
tion and closure of the disulfide bridge without necessitating the additional altera- 
tion of the molecule ensuing from preparation of an aryl or alkyl derivative. Re- 
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duction with cysteine caused profound inactivation, but on reoxidation approxi- 
mately 90 per cent of the original activity was restored. 

It has been tempting to speculate on how an SH, S-S interchange between 
hormone and receptor could increase the water permeability of the bladder. A 
number of models can be considered. For example the hormone, by interacting 
with SH and S-S groups of the receptor, may induce profound conformational 
changes in the protein of the diffusion barrier by disrupting critical disulfide cross- 
linking (Fig. 6) and thereby opening channels through which water, urea, and Na* 
can move. The nature of the groups lining these channels could determine the 
selectivity of this passive process. Alternatively, a hormone-induced conforma- 
tional change may modify an ordered water lattice around these structural 
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Fic. 6.—A hypothetical mechanism whereby combination of vasopressin 
with a membrane brings about a conformational change in a receptor pro- 
tein. 
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Fic. 7.—A hypotheticai model illustrating linear propagation of a series of SH, S-S interchanges pro- 
ducing a separation of fibrillar elements in a protein diffusion barrier. 


proteins,®? i.e., melt the “ice”? surrounding them, and thereby allow pene- 
tration of water and small molecules through this critical layer. Another possi- 
bility is that the hormone induces a separation of disulfide-linked fibrillar elements 
(Fig. 7). This scheme does not require identity of the receptor element with the 
critical component of the diffusion barrier, since the hormone-receptor reaction 
might serve only to initiate a series or wave of SH, S-S interchanges which ulti- 
mately could reach and affect the diffusion barrier even if the latter were located a . 
full cell-length from the receptor sites. Indeed, the far reaching effects of such a 
biological chain reaction are consistent with the finding that vasopressin acts on 
the bladiler only when the hormone has access to the serosal surface, whereas the 
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principal diffusion barrier of the bladder is at or on the mucosal surface.** *4 It 
is noteworthy that wavelike reactions of SH, S-S interchange already have been 
implicated in a variety of major biological phenomena, e.g., in aspects of protein 
denaturation, blood clotting, and the structural changes ensuing during the mitotic 
cycle. 

It is premature now to favor any one model or scheme, although it seems in- 
escapable that, at the molecular level, the mechanism of action of vasopressin on 
membrane permeability involves a sulfhydryl-disulfide interaction. 

Summary.—Tritium-labeled arginine vasopressin has been prepared and found to 
retain the full activity of highly purified natural vasopressin in increasing the per- 
meability to water of a living membrane (the toad bladder). Using this prepara- 
tion it has been possible to study the conditions under which this hormone is 
bound and released from the bladder and the relation of these phenomena to its 
physiological action. The results indicate that not only the fixation of vasopressin 
to its receptor but also its physiological activity depend on the presence of an 
accessible SH group in the bladder tissue and on the formation of a hormone-re- 
ceptor disulfide bond. To our knowledge this is the first identification of a phys- 
iologically significant chemical bond formed between a hormone and a target organ. 
Reasons are given for suspecting that the formation of this bond, either per se or 
by initiating a wavelike reaction of sulfhydryl-disulfide interehange, may account 
for the action of vasopressin and other disulfide peptide hormones on the per- 


meability of cell membranes. 
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NUCLEIC ACIDS AND METALS, II: TRANSITION METALS AS 
DETERMINANTS OF THE CONFORMATION OF RIBONUCLEIC ACIDS* + 
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THE PETER BENT BRIGHAM HOSPITAL, BOSTON 


Communicated by Eric G. Ball, July 29, 1960 


RNA isolated from a wide variety of biological sources, extending from simple 
microorganisms to mammals, contains significant amounts of metals. Metals 
of the first transition series, especially, are bound so firmly to RNA that they are not 
readily removed by chelating agents which are known to bind these ions quite 
avidly.2 The functional significance of this observation has been uncertain. 

The present studies demonstrate that metals in RNA maintain the secondary 
helical structure of the molecule through the formation of intramolecular bonds. 
The stabilization of the conformation of RNA by metals has been established 
through an examination of their effect on the characteristics of the phase-transition 
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which RNA undergoes on heating. As the temperature is raised, a phase-transition 
is observed which has been interpreted to reflect the melting-out of the ordered 
helical structure of RNA due to the disruption of intramolecular hydrogen bonds 
between the component nitrogenous bases. ‘This melting curve may be measured 


either by an increase in absorbancy at 258 my or by a decrease of specific optical 
rotation.*~* We now find that metals of the first transition series of the periodic 
system affect a different parameter of the phase transition curve, i.e., Amax, the 


maximum increase in absorbancy attained as a result of heating. Variations in 
A max, a8 a function of metal ion concentration, indicate that metal bonds, in addition 
to hydrogen bonds, play a decisive role in the stabilization of the molecular con- 
formation of RNA. 

Materials and Methods.-RNA was prepared by phenol extraction from beef 
liver,’ rat liver,® and tobacco mosaic virus.’ Beef liver RNA was successively pre- 
cipitated with 2 volumes of ethanol 5 times from 0.1 versene and 3 times from 1 X 
10-* M, 1,10-phenanthroline to prepare “metal-free” RNA. Ammonium acetate 
buffer was prepared by titration with acetic acid. Both this buffer and NaCl 
were extracted 3 times with 0.01 per cent dithizone at acid, neutral, and alkaline 
pH to remove contaminating metals. Urea was recrystallized twice. Metals 
were added as the chloride salts; all, except magnesium, were prepared from re- 
agent grade chemicals of known purity; magnesium chloride was prepared by dis- 
solving magnesium metal (Johnson-Matthey Ltd., London, “‘Specpure’’) in distilled 
HCl and heating to dryness. Dialyses were performed in Visking tubing, pre- 
pared before use."° Metal-free water and acid-cleaned glassware were used through- 
out.!! 

RNA was dissolved in NaCl less than 48 hr before use and stored at 4°. One 
half to 2 hr prior to heating, this stock solution was diluted to 25 ug of RNA per ml 
of buffer (0.025 M NH, (C:H;O+) in 0.025 M NaCl, pH 6.8); metals were added at 
ee 

A Beckman DU Spectrophotometer equipped with a thermospacer and con- 
nected to an external circulator was employed for spectrophotometric measure- 
ments. ‘Temperature was measured by a thermometer in the cell compartment. 
The melting curves were observed while the temperature changed at a rate of 1° 
per min. 

Specific optical rotation was measured with a model 2008-80Q photoelectric spec- 
tropolarimeter with an oscillating prism (O. C. Rudolph and Sons) using a 10 em 
water-jacketed cell; the RNA concentration was 1.25 mg/ml in 0.025 M NH, 
(C.H;02), pH 6.8, and 0.025 M NaCl. After the circulating water bath reached 
the stated temperature, ten minutes were allowed for equilibration. 

Results —The absorption of radiation by beef liver RNA, measured at 258 muy, 
shows marked hypochromicity compared to that of its component bases, measured 
on the hydrolysate: an increase in absorbancy of 1.31 is obtained reproducibly 
on alkaline hydrolysis, expressed as the ratio of the absorbancy at 258 my after hy- 
drolysis to the absorbancy at 10°. While ribonucleic acids from different sources 
have been shown to behave qualitatively similarly, quantitative differences in this 
hypochromic effect are characteristic of each RNA.!” 

On heating, RNA also becomes hyperchromic by asymptotically approaching a 
limiting value of absorbancy which is significantly less than that observed on hy- 
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drolysis.'** For native beef liver RNA there is a reproducible maximal increase of 
absorbancy of 1.22, expressed as the ratio of the maximal absorbancy to the ab- 
sorbancy at 10°. We shall henceforth refer to this maximal increase as A max. 
A max is markedly affected by metals of the first transition series. It can be aug- 
mented to 1.26 on removal of some of the metals intrinsic to native RNA, as de- 
scribed under Methods.'”” The transition metal content intrinsic to native beef 
liver RNA provides a concentration of these metals equal to 5 & 10-* M under the 
conditions here employed. The striking increase in A max of the “metal-free’’ RNA 
is brought about by lowering the content of the intrinsic transition metals to only 
1X 10° M. Conversely, the addition of Nit+ ions, e.g., results in a marked de- 
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Fic. 1.—The effect of nickel on the phase transition curve of beef liver RNA. 
In this and subsequent figures, the increase in Ao;s, as a function of temperature is 
expressed as the ratio of the absorbancy at any given temperature to the absorbancy 
at 10°, Avs 7°/Avss 19°. The dashed line at the top indicates the maximum hyper- 
chromicity obtained by alkaline hydrolysis. All experiments were performed under 
identical conditions: RNA content = 25 ugm/ml; Buffer = 0.025 M NH,(C:H;0:) 
+ 0.025 M NaCl, pH 6.8. Control of temperature as in the text. Amax of control 
(a) = 1.22; plus 10-° M Ni** (X) = 1.20; plus 10-4 M Nit++ (¥) = 1.16; plus 
10-3? M Nit++ (@) = 1.13. 
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pression Of A max, the extent of the depression being dependent on the concentration 
of the ion (Fig. 1). This effect, however, is not limited to nickel; in fact, it is 
observed with other ions of the first transition group of the periodic system shown 
in Table | which lists the hypochromice effect, induced by Cr+++, Mn++ and Zn+*. 


TABLE 1 
Errect oF AppDED METALS ON Ayax OF THE MELTING CuRVE oF Beer Liver RNA 
pH 6.8 ; pH 6.8 
Control* 2: Lit 10-3 M 1.22 
Crt+t+3 X 107M Nat 107!1M 1.20 
Mntt3 X 10-*M K+ 10-3 M 1.22 

l 

l 


Amax 


Nit++ 10-3 M Mg++ 10-3M 19 
Zn++ 10-3 M : Cat+ 10-3 M 21 


* 0.025 M NH«(C:H;02) + 0.025 M NaCl, pH 68. 
In the presence of 10-> Cu+*+ and Fe***, precipitation occurred on heating, pre- 
cluding similar observations with these metals. 

In contrast neither Na*, K+, or Li+, exemplifying the alkali metals, nor Ca++ 
and Mg++, representing the alkalin eearths, in concentrations varying from 107! 


ee. 





| 











50. 90 
TEMPERATURE 


Fic. 2.—The effect of sodium and magnesium on the phase transition curve of 
beef liver RNA. Experimental conditions as in Figure 1. Amax is not altered signifi- 
cantly by the addition of either 10~! M Na* (@) or 107? 1 Mg** (@) compared to 
the control (a) even though 7’, is increased. 
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to 10-* M bring about a similar depression of Amax (Table 1). These elements, 
however, do affect 7',, the temperature at the midpoint of the phase transition 
curve. Results similar to those previously described have been obtained in this 
study as shown in Figure 2. Such changes in 7’,, in the presence of these elements 
have been interpreted in terms of hydrogen bonding which is enhanced in their 
presence and is diminished by urea.*~ 
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TEMPERATURE 


Conservation of hydrogen bonding through the establishment by Ni** 
of tertiary folding in RNA. The experiments represented by the individual phase 
transition curves are indicated in the graph. The separate and joint contributions 
of the metal and hydrogen bonding are evident. 


Parameters affecting hydrogen bonding, as expressed by 7’,,, appear to be inde- 
pendent of those which affect metal bonding, as expressed by Amax. This is ap- 
parent from the data shown in Figure 3. The increase in A max, brought about by 
the removal of metals intrinsic to beef liver RNA, is here contrasted with the effect 
of 6 M urea which causes a marked decrease in T,, without Amax being affected 
significantly. Amex is, however, reduced by 10~-* M Nit*, as previously shown in 
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Figure 1. In fact, an analogous depression of Amax by 10~* M Ni** is still seen, 
even in the presence of 6 M urea. 

The specificity of metals in stabilizing the structure of RNA, and their action 
in this regard, as apart from hydrogen bonding, can be discerned from an experi- 
mental extension of this reasoning shown in Figure 4. When RNA is heated to the 
temperature at the midpoint of the phase transition curve, 49° in this instance, 
50 per cent of the hydrogen bonds would be expected to be disrupted. The 
addition of 10-? M Nit+, at this juncture, instantaneously depresses the ab- 





1.3 


CONTROL 




















TEMPERATURE 


Fic. 4.—Reformation of ordered structure of native beef liver RNA at the 7’, of 
its phase transition on addition of 10~* M Ni** ions. Addition of 10~* MW Na* ions 
(not shown) had no effect. 


sorption of radiation at 258 mu to equal that observed in the presence of this 


concentration of Ni++ ions added prior to heating. Moreover, the phase tran- 
sition eventually reaches the same value of Amax predicted for this concentra- 
tion of Ni++ ions. Thus the bonds attributed to the metal can be formed even as 
hydrogen bonds are being destroyed. 

Such findings as here presented are not limited to beef liver RNA. Analogous 
observations have been made with RNA from rat liver and tobacco mosaic virus. 
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Amax of TMV-RNA under the standard conditions of pH and ionic strength em- 
ployed in these experiments is 1.26 while in the presence of 10-4 M Crt++** it is 
markedly reduced to 1.07. The details of these experiments will be the subject 
of a separate communication. '? 

Discussion.—The existence of secondary structure in RNA has been deduced 
largely from the behavior of this molecule under conditions analogous to those 
known to affect hydrogen bonding in proteins, polymers, and copolymers.'* On 
increasing the temperature, a phase transition is observed the midpoint of which is 
affected drastically by denaturing agents, ionic strength, solvents, and the presence 
of certain metals. The extinction coefficient at 258 my, the specific optical rotation, 
and the specific viscosity have served as indices of the helix-coil transition.*~* 


These experimental findings are in good agreement with expectations from theoret- 


ical treatments of such systems.!® 

Under the conditions which progressively abolish hydrogen bonding, metal ions 
of the first transition period are here shown to preserve and enhance the stability 
of the molecule as judged by the characteristics of the phase transition curves. 

Metal ions of the first transition period, previously found to be constituents of 
native RNA prepared from many sources of widely diverging stages of evolutionary 
development,” seem to endow this molecule with the capacity to achieve intra- 
molecular bonding by means additional to hydrogen bonding. The increase in 
ordered structure is apparent from the comparison of maximal chromicity of the 
free bases with that of all the possible constellations affecting hydrogen or metal bond- 
ingin RNA. Our results, demonstrating that metal linkages stabilize the molecule 
even while hydrogen bonds are being disrupted, may be viewed in the light of the 
numbers of conformational states available to a denatured molecule capable of 
resuming helical structure, as predicted by Gibbs and di Marzio." The slopes of 
the phase transitions and the asymptotic maximum toward which each tends, ob- 
served experimentally on addition of transition metal ions to RNA, may be com- 
pared to the curves calculated, assuming the cleavage of discrete numbers of bonds 
of known energy content. On this basis, both a decreasing slope and maximum 
of absorption, as here observed with increasing concentration of transition metals, 
denotes increased rigidity, due—presumably—to greater preservation of helical 
content. Such stabilization implies the formation of intramolecular bonds in 
RNA which are of sufficient strength to resist the disrupting effects of increased 
temperature or concentrated urea. 

A question now arises as to the characteristics and the number of this new species 
of bonds. The addition of metals to RNA in concentrations sufficient to cause a 
marked lowering of Ajax neither affects the absorbancy at 258 my nor the specific 
optical rotation when measured at 10°. Thus neither the total number of inter- 
nucleotide bonds nor the helical content of the molecule, dependent upon them, 
is increased solely by the addition of metals at low temperatures. The possibility 
that heating induces the formation of metal bonds is obviated by the reversibility 
of the melting curves on cooling. This stabilizing effect only becomes apparent on 
heating, when hydrogen bonds are being broken, but while persisting metal bonds 
attenuate the degree of the helix—coil transition. Therefore, it may be concluded 
that metals act to preserve the helical conformation of the molecule. Several in- 
terpretations may be offered to account for these observations: metal bonds may 
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simply be exchanged for existent hydrogen bonds such that the total number of 


bonds at low temperature remains constant, but at high temperature the metal 
bonds are preserved while hydrogen bonds are being broken. This view is chal- 
lenged, however, by the marked effect of the metals intrinsic to RNA on A max. 
The transition metal content of native beef liver RNA corresponds to about 1 metal 
atom for every 100 pairs of nucleotides.? After removal of some of these intrinsic 
metals by exposure to chelating agents, the ratio of transition metals to pairs of 
nucleotides is only decreased to 1:500. Despite the relatively small percentage 
of the total nucleotides affected directly by the intrinsic metals in native RNA 
and by their removal, a significant decrease in the stability of the molecule results, 
as evidenced by the observed increase in Amax. The intrinsic metals in RNA 
therefore exert a greater effect upon the helical structure than is accounted for on the 
basis of a simple, quantitative substitution of metal for hydrogen bonds. 

In fact, the basis of the phenomenon appears to be different in kind from that 
implied by the above remarks. Thus, an alternative explanation for this enhanced 
effect of metals is required. 

Characteristically, in proteins the formation of cross-linkages between peptide 
chains results in tertiary folding of the molecule.'® This is exemplified most 
prominently by disulfide bridges'® but also by hydrogen bonding between certain 
electro positive and negative groups along the chain,'’~!* hydrophobie bonds,” 
amide bonds,”! phosphate diesters,?? van der Waals interactions,”* and finally by 
metal bridges as in trypsin*‘~* or amylase.** The data here reported suggest to 
us the existence of tertiary folding in RNA, the transition metal atoms serving as 
crosslinking devices, through chelation or sandwich complexes.?. A metal bond, 
serving as a cross-link between nucleotide residues on adjacent turns of the helix, 
may be expected to fix or stabilize the hydrogen-bonded secondary structure en- 
closed within the tertiary loop, a well documented effect of tertiary folding in pro- 
teins.'*-* In RNA this is recognized by the failure to achieve complete randomi- 
zation of secondary structure by the rupture of hydrogen bonds on heating, i.e., 
a reduction of A max of the melting curve, as seen in these experiments. The concept 
that metals stabilize RNA in this manner is strengthened by the experiments (Fig. 
4) which demonstrate the ordering of the molecular structure by the addition of 
nickel at a temperature sufficient to have caused the disruption of half of the ex- 
istent hydrogen bonds. Thus the establishment of tertiary structure allows the re- 
formation of the helical conformation in the regions susceptible to stabilization 
through the creation of tertiary folds, even under conditions where the naked sec- 
ondary structure is being destroyed. 

That macromolecules are endowed with structural rigidity seems to be a general 
principle since this property is apparently required for effective biological function. 
Rigidity is accomplished, however, by means which seem to be adapted to the 
functional needs of the indiviaual macromolecular species. Thus DNA whose 
function is mainly concerned with replication achieves rigidity through the two 
helically interwoven polynucleotide strands, held in juxtaposition by low energy 
hydrogen bonds.” The linear stability thus attained still permits the necessary 
separation of the two strands. In proteins, tertiary folding maintained chiefly 
by disulfide bridges, provides for the rigidity needed to induce the configurational 
specificity characteristically required in the function of enzymes, immune 
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6 It is probable that a mechanism for structural stabiliza- 
tion exists in RNA which promotes the specificity required for its postulated function 
asa template in protein synthesis.2* The present data suggest that metals 


bodies, and hormones.' 


of the first transition series may be the agents responsible for this configurational 
property. 

Since the biological activity of RNA, unlike the catalytic activity of many pro- 
teins, has not been defined in chemical terms, the role of metals in such ultimate 
function of RNA has not been assessed. However, metals of the first transition 
series stabilize the biological activity of RNA as expressed by the infectivity of 
TMV-RNA.*® The constancy of metal content of TMV-RNA observed in suc- 
cessive analyses of different preparations eliminates the possibility that their 
presence is spurious.'* The effect of their addition on A y,ax are in conformity with 
those observed for beef liver RNA. Studies on the implications of these composi- 
tional and conformational changes on the function of TMV-RNA are in progress. 


Summary.—Certain metals of the first transition period of the periodic table 


are found to stabilize the ordered structure of RNA. These findings are interpreted 
to denote the existence of tertiary structure in RNA which is produced and main- 
tained by metal bonds. 


* This work was supported by the Howard Hughes Medical Institute and a grant-in-aid from 
the National Institutes of Health of the Department of Health, Education and Welfare, No. 
H3117 (C1), and the Lasdon Foundation. 

+ A preliminary report has been given (see ref. 1). 

t Fellow of the Kettering Foundation, Dayton, Ohio. 

§ Post-Doctoral Fellow of the National Institutes of Health of the Department of Health, 
Education and Welfare. 
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SPIN RESONANCE STUDY OF SEROTONIN-FMN INTERACTION* 
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A variety of indoles form complexes with riboflavin.':? These complexes have 
been interpreted as ones involving electron transfer, the indoles acting as an elec- 
tron donor and the riboflavin as an acceptor. Theoretical studies* have shown 


that the positions of the energy levels of these molecules are consistent with this 
interpretation. The indoles have moderately high occupied energy levels, thus 
making them fairly good donors, while riboflavin has a low unoccupied energy 


level, thus making it a good electron acceptor. 

This paper will report a study of serotonin and flavin mononucleotide (MN) 
by the method of electron spin resonance (ESR). Tryptophan and FMN were 
also studied, but, for reasons stated below, not as extensively. To help identify 
the spectra obtained, the semiquinone of MN at acid pH was prepared by reduc- 
tion with zine, by reduction with dithionite and photoreduction. 

If an electron donor complexes with an electron acceptor, the donor giving an 
electron to the acceptor, the complex will not necessarily yield a signal in SR. 
In‘such a complex the donated electron will not necessarily be completely uncoupled 
from its partner and the two electrons will probably form a weak covalent bond 
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and hence the complex will yield no signal. Furthermore, even if the electrons 
were completely uncoupled, two free radicals in such close proximity would broaden 
each other’s signal to a considerable extent by dipole-dipole broadening,*: > and 
the resultant signal might be so broad as to completely avoid detection. Conse- 
quently, the technique of ESR, at least under the conditions reported here, cannot 
examine the complex directly. It does shed light on the complex, however, since, 
as will be shown, it indicates that at sufficiently acid pH the complex may dissociate 
into two free radicals. Ordinary charge transfer complexes, of the type extensively 
studied by Mulliken and his school, cannot do this. Consequently, it appears that 
the complexes of indoles and FMN must be classified differently. As suggested 
previously,! the complex appears to be one ii: which the indole gives a ‘“‘complete”’ 
electron to riboflavin,t resulting in an jonic structure. It might be appropriate to 
call the ordinary charge transfer complexes cases of ‘‘weak charge transfer,’’ re- 
serving the name ‘“‘strong charge transfer” for complex resulting in an ionic strue- 
ture. Miller and Wynne-Jones,® and Bijl, Kainer, and Rose-Innes,’ have examined 
complexes that also appear to be cases of strong charge transfer. 

Technique.—The ESR apparatus was a Varian 4500-Spectrometer, equipped 
with a 12-inch magnet and a Varian 4560 100 ke modulation unit. Many features 
of the hyperfine structure, such as symmetry properties, are more evident when 
the second derivative of the absorption is obtained rather than the first. To 
achieve this, a dual modulation method, patterned after that of Smaller and Yasai- 
tes,® was adapted for use with Varian equipment. One side of the 100 ke signal was 
fed to the Varian 1270A low frequency phase detector. The modulation of both 
sweeps, but more especially, that of the low frequency sweep, was kept very low so 
that essentially second derivative spectra were obtained. 

Solutions were examined in flat quartz cells of internal dimensions 0.1 mm X 
7mm X 52mm. The cells were oriented in the microwave cavity so as to place 
the liquid in a minimum electric field. 

The FMN was Nutritional Biochemical Corporation’s riboflavin 5’ phosphate 
Sodium. The serotonin was the California Corporation for Biochemical Research 
Company’s serotonin-creatine H.SO, complex,f and the tryptophan was the H. M. 
Chemical Company’s L-tryptophan. The acid used was HCl double distilled in 
glass. For spectra run at acid pH identical results were obtained over a wide 
range of acid concentration. Thus, while the results reported below were obtained 
mainly with undiluted constant boiling point HCl, solutions made using a few per 
cent HCl gave identical spectra. 

The red acid semiquinone of MN was prepared by dropping zine into an acid 
MN solution and waiting until the color of the solution became dark red. The 
solution was then separated from the zine and poured into the flat cell. Reduc- 
tion by dithionite instead of zinc, as well as photoreduction, gave identical results. 
Photoreduction was achieved by the method of Commoner and Lippincott. The 
solution was deoxygenated and placed for 5 hr at about 10 inches from a 100-watt 
desk lamp. Photoreduction at neutral pH yielded a different spectrum from the 
photoreduction at pH < 1. 

Results and Discussion.—-ligure | shows the first derivative of the absorption for 
the red riboflavin free radical, while Figure 2 shows the second derivative. 

Figure 2 shows mirror image symmetry with respect to the midpoint of the 
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Fic. 1.—First derivative ESR spectrum of 10~? 17 FMN in acid solution reduced by 
zinc. Marker indicates one gauss. Arrow indicates free electron resonance position. 
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Fic. 2.—Second derivative ESR spectrum of 10-2 4 FMN in acid solution reduced by zine. 
Marker indicates one gauss. Arrow indicates free electron resonance position. 


absorption. This is what is to be expected from a single free radical species. For 
two free radicals to show such marked symmetry, their g values must coincide. 
Since this is most unlikely, it seems reasonable to assume that Figures 1 and 2 are 
the spectra of one species of free radical and that this free radical is the riboflavin 
semiquinone at pH < 1. !! 

Figure | demonstrates that the hyperfine structure shows considerable overlap. 
Attempts to obtain a better resolution of these lines, either by lowering the sweep 
modulations or by lowering the concentration of FMN, met with no success. At 
small modulation amplitude the lines do appear to be made up of narrower lines 
but the sensitivity of the instrument becomes poor under these conditions so that a 
complete resolution of the spectrum 1s lacking. Actually, a result such as this is 
not unexpected. In a molecule such as FMN the spin density will be large at a 
few places on the molecule. This will give rise to the spectrum shown. The re- 
maining atoms will have a small but finite spin density. The nitrogen and hydro- 
gen atoms not giving rise to the large splitting will broaden the lines causing them 
to overlap. The overlap thus occurs because of unresolved hyperfine structure. 

Serotonin in acid gave no ESR signal and neitherdid FMN. Serotoninand FMN, 
taken together, did yield a signal. 

Figure 3 shows a second derivative spectrum of serotonin and FMN._ It will 
be seen that this spectrum is similar but not identical to the riboflavin semiquinone 
spectrum. It is markedly asymmetrical, indicating that there are at least two 
free radicals present. From the similarity to the riboflavin spectrum it may be 
concluded that one of these is riboflavin. The other may be serotonin. How- 
ever, since the serotonin free radical spectrum is not known, it may also be a sec- 


ondary free radical rather than the serotonin free radical itself. The data are there- 


fore consistent with the following scheme. 


a | 


S3+R-~ BR 
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Fic. 3.—Second derivative ESR spectrum of serotonin and FMN in acid. Solution was 0.16 M 
with respect to FMN and 0.59 M with respect to serotonin. Marker indicates one gauss. Arrow 
indicates free electron resonance position. 


P; may not exist. It is included for the reasons just mentioned. P, and P; may 
be dimers or other products of the free radicals. The symbol S*+R~ is to be inter- 
preted as indicating that the complex is primarily ionic and is not meant to indi- 
cate that the total charge on the complex is zero. The complex may pick up pro- 
tons from the solution and hence have a net positive charge. 


The above scheme may be supported by the following experiment: A solution of 10-2? M FMN 
in acid was placed in a quartz capillary and tested in the spin resonance apparatus. No signal 
was obtained. A small amount of dry serotonin was added to the sample and stirred with a fine 
platinum wire. This yielded a signal. Successive small increments were added and the signal 
became larger. Finally, however, the signal saturated and further addition of serotonin gave no 
further change in signal in spite of the fact that the additional serotonin went into solution. At 
this point, the amount of signal corresponded to one free radical per 250 FMN molecules. The 
interpretation may be made that the serotonin drove all of the riboflavin into the complexed form. 
However, the amount of free radical present is determined by the dissociation constant ky and this 
dissociation, and hence the amount of free radical in the experiment just mentioned, is not under 
the control of the investigator. 


Tryptophan and FMN in acid also yielded a signal in ESR. However, the 
signal was much weaker than with serotonin, so much weaker that the hyperfine 
structure could not be well resolved. This finding is consistent with the obser- 
vation! that serotonin is a stronger electron donor than tryptophan. 

The existence of strong charge transfer complexes permits a unified theoretical 
framework in the scheme of charge transfer. At the one extreme, for weak donors 
and/or acceptors, there exist charge transfer complexes of the type benzene-iodine 
in which the ground state is overwhelmingly nonionic. For example, it is esti- 
mated that only about 3 per cent of an electronic charge is transferred from benzene 
to iodine.'? At the other extreme are the well-known cases of semiquinone forma- 
tion in which an electron is transferred from the reducing agent to the oxidizing 


agent, no stable complex being formed. As one considers donors successively 


stronger than benzene, one passes from weak charge transfer to cases of stronger 
charge transfer, finally arriving at a predominantly ionic structure. Whether this 
ionic structure dissociates into free radicals or not depends on whether the free 
energy of the free radicals, as such, is lower than that of the complex. This, in 
turn depends, in part, on the nature of the medium, dissociation being favored by 
ionizing media such as water. 

No ESR signal has been observed when serotonin and MN were mixed at 
neutral pH. This is evidence that the complex does not dissociate into free radi- 
cals at neutral pH. At acid pH the complex does dissociate, probably because 
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the riboflavin free radical is more stable in a protonated condition than in an 
unprotonated state. It may also be, however, that in the complex, at acid pH, 
the FMN picks up protons from the medium and becomes a somewhat. better 
acceptor. There may be, therefore, a somewhat stronger charge transfer complex 
in strong acid. 

In spite of the power of ESR techniques, a point of caution should be noted. 
Consider a solution of serotonin and FMN in acid. This is brown at room tem- 
perature. If the solution is frozen it becomes black, indicating, evidently, a 
greater degree of charge transfer complexing in the frozen state. In spite of this, 
such a frozen sample, when tested, yielded no ESR signal. It should not be con- 
cluded from this, however, that no free radical is present. Even if a large number 
of unpaired electrons were present, ESR techniques might not detect them. This 
may easily be shown also by freezing a 10-8 M solution of MnCls. While at room 
temperature a characteristic 6-line manganese spectrum is obtained, in the frozen 
state this signal disappears. One sees, therefore, that electron spin resonance, 
while a powerful tool, cannot always by itself be relied upon for determining the 
charge transfer state of a given system. 

Summary.—Even though the technique of electron spin resonance does not 
measure a property of the complex directly, it does shed light on the nature of the 
complex. It seems most unlikely that a weak charge transfer complex could dis- 
sociate into free radicals. In the case of strong charge transfer, however, under 
proper environmental conditions, such dissociation seems reasonable. Spin reso- 
nance techniques yield two overlapping spectra, one of which is that of the ribo- 
flavin free radical. This is evidence that the serotonin-riboflavin complex is of 
the strong charge transfer or predominantly ionic type and is consistent with data 
previously obtained using optical absorption methods. 


The authors wish to thank Dr. Bernard Smaller for advice and suggestions in 
establishing a dual modulation spin resonance system. They also thank Dr. 
Richard Bersohn for several fruitful discussions concerning the work presented here. 
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+ The term “complete’’ is used to indicate that there is a transfer of one, or almost one, elec- 
tronic charge from indole to riboflavin. 

¢t The authors would like to thank Vismara Terapeutici, who supplied part of the serotonin used. 
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MAMMALIAN METHYLMALONYL ISOMERASE AND 
VITAMIN By COENZYMES* 


By Perer LENGYEL, RAJARSHI MAZUMDER, AND SEVERO OCHOA 
DEPARTMENT OF BIOCHEMISTRY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 
Communicated August 10, 1960 


In 1955 Flavin et al.!~* found that the main pathway of propionic acid oxidation 
in animal tissues proceeds via the reaction sequence propionate “*":©°4 propiony! 
CoAé ATP.C° methylmalonyl CoA — succinyl CoA > succinate. Isomerization of 
methylmalonyl CoA to succinyl CoA (reaction 1) is also a key step in propionate 
formation by propionic acid bacteria. In analogy to Lynen’s 6-methylerotony] 
carboxylase,’ propiony! carboxylase (the enzyme catalyzing the carboxylation of 
propiony! CoA to methylmalony! CoA) has been found to be a biotin enzyme.* — Al- 
though reaction 1 resembled Barker’s glutamate-@-methylaspartate isomerization® 
(reaction 2),'° which requires cobamide coenzymes (vitamin By or pseudovitamin 


(1) COOH—CH—COSCoA = COOH—CH,—CH2—COSCoA (methylmalony! 
isomerase ) 


CH; 


(2) COOH—CH—CHNH:.—COOH = COOH—CH.—CH:—CHNH.—COOH 
(glutamic isomerase) 


CH; 


By derivatives),'! it was not until recently realized that the Barker coenzymes are 
also required by methylmalonyl isomerase. This we owe to the work of Smith and 
Monty,'? Gurnani et al.,'* and Stadtman et al.'* The first two groups of investi- 
gators used liver preparations of vitamin By-deficient rats; the latter prepared the 
apoenzyme from enzyme fractions of propionic acid bacteria by treatment with 
charcoal. Inactivation of glutamic isomerase by treatment of Clostridium tetano- 


morphum extracts with charcoal had in fact led Barker and collaborators to the dis- 


covery and isolation of the cobamide coenzymes. 

In our experience, charcoal treatment of methylmalony! isomerase preparations 
from sheep kidney did not affect their activity. The same was true of exposure to 
light or cyanide which, as shown by Barker et al.,'' leads to rapid inactivation of 
the cobamide coenzymes. Incubation with intrinsic factor, which binds vitamin 
Bis was also ineffective. However, precipitation of the enzyme with acid from am- 
monium sulfate solutions, a device first used by Warburg and Christian" for the 
resolution of kidney D-amino acid oxidase into apoenzyme and its coenzyme (flavin 
adenine dinucleotide), led to almost complete resolution. The resolved enzyme 
was reactivated by dimethylbenzimidazolyl- or benzimidazolyleobamide coenzyme 
but adenyleobamide coenzyme, the pseudo vitamin By derivative, had little or no 
effect. This paper deals with these and other experiments bearing on the 
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strength of the apoenzyme-coenzyme binding in the native and reconstitutea 
holoenzyme. 

Materials and Methods.—The methylmalony] isomerase preparation used was the 
dialyzed ammonium sulfate fraction obtained from sheep kidney cortex as de- 
scribed by Beck et al.* Its specific activity (0.8-1.0 umole/hr/mg protein) was a 
little higher than previously reported. It will be referred to as the enzyme. The 
apoenzyme was prepared by a modification of the method of Warburg and 
Christian’ described by Cori and Illingworth" for the removal of bound pyridoxal 
phosphate from crystalline muscle phosphorylase. In a typical resolution, carried 
out at 0°, 1.2 ml of enzyme (31.5 mg protein/ml) was diluted to 6.3 mg protein/ml 
with 1.2 ml of 0.02 Tris buffer, pH 7.4, and 3.6 ml of distilled water. 6.6 ml of 
saturated (at 0°) ammonium sulfate were then added followed by 1.7 ml of (0.004 V 
HCl. Both additions were made dropwise with vigorous stirring. The resulting 
pH was 3.45-3.6 (glass electrode). The turbid solution was centrifuged for 7 min 
at 12,000 rpm in the high speed head of the International refrigerated centrifuge. 
The precipitate was suspended in 8 ml of 75 per cent saturated ammonium sulfate, 
previously adjusted to pH 8.7 with NN,OH, and recentrifuged. This operation 
was repeated once and the precipitate was then taken up in 1.2 ml of 0.02 M Tris 
buffer, pH 7.4; any insoluble material was removed by centrifugation. This resolu- 
tion procedure was successfully repeated many times. While the degree of resolu- 
tion increased with increasing acidity, the yield of undenatured apoenzyme de- 
creased; in our experiments it varied between 35 and 50 per cent. 

A purified preparation of methylmalonyl isomerase from Propionibactertum 
shermanii was kindly provided by Dr. H. G. Wood, Western Reserve University 
School of Medicine. This enzyme was extensively resolved and had but little 
activity in the absence of added cobamide coenzymes. With saturating concentra- 
tions of DBC coenzyme and under our assay conditions,’ its specific activity was 0.5 
umoles/min/mg protein, 30 to 40 times higher than that of the kidney prepara- 
tion. 

Methylmalonyl isomerase activity was measured in two ways. In most cases 
(direct assay) the succinyl CoA formed from methylmalonyl CoA as substrate was 
determined enzymatically as succinate, following alkaline hydrolysis of the thiol- 
ester, through reduction of cytochrome c¢ in the presence of succinoxidase.* In 
some experiments (C'*O, fixation assay) methylmalony] isomerase was incubated 
with propiony!l CoA and COs, in the presence of an excess of propiony! carboxylase, 
and the radioactivity incorporated into dicarboxylic acids determined before and 
after oxidation with KMnQ,.2. The former value gives the amount of methyl- 
malonate plus succinate formed whereas the latter gives that of succinate only as 
succinate is resistant to permanganate treatment while methylmalonate is de- 
stroyed by oxidation to volatile products. Propionyl carboxylase from pig heart‘ 


(specific activity about 12, free of methylmalony! isomerase) was provided by Dr. 
Y. Kaziro of this department. Synthetic propionyl CoA? and methylmalonyl CoA’ 
were prepared as previously described. Since synthetic methylmalonyl CoA is a 


racemic mixture of two stereoisomers, only one of which is attacked by the iso- 
merase,’ the amounts given in the tables are one-half of the total thiolester present. 
Cytochrome c, type III, from horse heart was obtained from the Sigma Chemical 
Company, St. Louis, Missouri. We are greatly indebted to Dr. Karl Folkers, 
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Merck Institute for Therapeutic Research, Rahway, New Jersey, for generous 
supplies of the DBC coenzyme, Dr. H. A. Barker, University of California, Berkeley, 
California, for gifts of BC and AC coenzymes, and Dr. Leon Ellenbogen, Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New York, for 
gifts of intrinsic factor. The vitamin By-binding capacity of the highly purified 
intrinsic factor preparation was 0.5 ug per mg. !8 

Protein was determined spectrophotometrically.!®° Experiments involving the 
use of cobamide coenzymes were performed in the dark room with a dim red 
light. 

Results.—Effect of DBC coenzyme on methylmalonyl isomerase activity: As shown 
in Table 1 (experiments la and 1b), DBC coenzyme produced a slight stimulation 


TABLE 1 


Errect OF DIMETHYLBENZIMIDAZOLYLCOBAMIDE COENZYME (DBC) on Activity oF SHEEP 
KIpNEY METHYLMALONYL ISOMERASE (Direct ASSAY) 

Succinate 

Experiment formed 
No. Enzyme Additions (umoles) 

la Unresolved None 0.132 

Ib - DBC (1.5 K 107 M) 0.214 

2a Resolved None 0.015 
2b - DBC (1.6 X 10-6 M) 0.127 
2¢ <3 Vitamin By (1.2 K 107-4 M) 0.018 
DBC + vitamin By» 0.123 


2d 


2e Boiled None 0.007 
2t None None 0.006 
3a Resolved None 0.005 


3b DBC (4.2 X 1077 M) 0.138 
ta " None 0.013 
4b to DBC (1077 M) 0.108 
te a DBC (10~-¢ M) previously illuminated * 0.013 
4d 7 DBC (1077 M) pretreated with KCN fT 0.016 
te " DBC (1077 M) preincubated with intrinsic 0.016 
factor (2 mg)f 
Samples contained potassium phosphate buffer, pH 7.4, 50 wmoles; methylmalonyl CoA, 0.35 uwmoles and, when 
present, enzyme with 0.32 to 0.38 mg of protein (except in experiment 3, 0.55 mg). Other additions as indicated. 
Final volume made up with water to 0.9 ml. Incubation 20 min at 30°. Coenzyme (or vitamin Biz) preincubated 
with enzyme for 12-13 min prior to the addition of methylmalonyl CoA. 
* DBC coenzyme (1.8 K 10~ °M) illuminated before use in a Beckman cell (d = 1 em) with a 100-watt tungsten 
lamp at a distance of 12 cm for 150 min at 0°. 
DBC coenzyme(5 X 1076 M) made 0.1 N with KCN and kept for 30 min at room temperature before use. 
t DBC coenzyme and intrinsic factor were preincubated for 30 min at 30°. Enzyme was then added and the 
mixture incubated for a further 13 min prior to the addition of methylmalonyl CoA. 


of the isomerase activity of unresolved enzyme. This effect, previously noted by 
Stern and Friedman” with ox liver fractions, varied from preparation to preparation 
and was mostly small. On the other hand, the resolved enzyme had negligible ac 
tivity in the absence of coenzyme (experiments 2, 3, and 4). Vitamin By at much 
higher concentrations was inactive (experiment 2c). As expected, prior exposure 
of the coenzyme to light, cyanide, or intrinsic factor (experiment 4) led to loss of 
activity. Table 2 shows the effect of the coenzyme on methylmalony! isomerase 
activity as determined by the C'O. fixation assay. 

Coenzyme specificity and affinity constants: The rate of methylmalonyl CoA 
isomerization as a function of the concentration of added DBC or BC coenzyme is 
shown in Figure 1. Coenzyme concentrations were determined spectrophoto- 
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metrically at wavelength 367 mu in 0.1 N KCN according to Barker et al.2!__ Maxi- 
mal rates with either coenzyme were obtained at concentrations around 3 X 107° M. 
On the other hand, 10~° 7 AC coenzyme gave only 15 per cent of the maximal rate, 
a value given by about 10-* 7 DBC coenzyme. Thus, the effect of the former 
could have been due to a very slight contamination (0.1 per cent) with the latter. 


TABLE 2 


Errect OF DIMETHYLBENZIMIDAZOLYLCOBAMIDE COENZYME ON AcTIVITY OF SHEEP KIDNEY 
METHYLMALONYL ISOMERASE (ClO, FrxaTion ASSAY) 


Methylmalonyl CoA CO fixed (epm) 
isomerase Coenzyme addition In methylmalonate In succinate 
Unresolved None 2820 3400 
as 1.5 X 10-* 1930 3540 
Resolved None 4615* 855* 
e 1.5xX 10° M 2500* 3090* 


None 5310 90 


Samples contained, in uwmoles, Tris buffer, pH 7.4, 100; MgCle, 6; ATP, 3; KHC'O; (14000 epm/umole), 10; 
yropionyl CoA, 0.5; glutathione, 2; propionyl carboxylase, 0.1 unit; unresolved or resolved methylmalony!] 
isomerase (1 mg protein); and coenzyme (preincubated with isomerase as in Table 1) as indicated. Final volume 
made up with water to 1.0 ml. Ineubation 15 min at 30°. 

Average of duplicate runs 


It is apparent that the AC coenzyme has little if any effect with the kidney methyl- 
malonyl! isomerase. A less likely possibility is that this coenzyme is inactivated by 


the relatively crude enzyme preparation used. 


99 


The apparent affinity constants (A,, values), calculated from Lineweaver—Burk 
plots of the data in Figure 1, are given in Table 3 (column 2). Column 3 gives the 
similarly obtained values for P. shermanii methylmalony! isomerase.2* The table 





| (DMBC) 








RELATIVE VELOCITY 





| | | 
s) 10 15 20 25 30 
COENZYME CONCENTRATION (x 10-’ M) 


Fic. 1.—Rate of isomerization of methylmalonyl CoA as a 
function of cobamide coenzyme concentration. Conditions of 
Table 1 with resolved enzyme. Curve 1, enzyme with 0.9 mg 
protein; curve 2, enzyme with 0.6 mg protein. Relative velocity 
given as per cent of Vinax. DMBC = dimethylbenzimidazolyl- 
cobamide coenzyme; BC = benzimidazolyleobamide coenzyme. 
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also lists for comparison (column 4) the corresponding values of Barker e¢ al.?! 
for C. tetanomorphum glutamic isomerase. It may be seen that both kidney and 
bacterial methylmalony! isomerases have highest affinity for the DBC coenzyme 
while the reverse is true for glutamic isomerase. The affinity for BC coenzyme is 
about the same in all cases. Curiously enough both bacterial enzymes have high 
affinity for the AC coenzyme whereas, as noted above, this coenzyme has little or 


no affinity for the kidney methylmalonyl isomerase. 


TABLE 3 
COENZYME AFFINITIES OF COBAMIDE ENZYMES 


Km (M) 
Kidney methylmalonyl P. shermanii methylmalonyl Glutamic 
Coenzyme isomerase isomerase isomerase* 


DBC Ba oe 10 2.4 X 107% 1:3. 10 
BC 2.0 X 1077 Loma 2.4 X 107 
AC ae ‘ Oe Sr ie 


Conditions for the experiments with P. she:manii methylmalonyl isomerase were those of Table 1 except that 
only 17 to 20 wg of enzyme protein were used and the incubation was for 15 to 19 min. 
* Values from Barker et al.? 


Coenzyme binding strength of native and reconstituted holenzyme: As previously 
mentioned, such procedures as exposure to light, treatment with charcoal, or incuba- 
tion with intrinsic factor, which might be expected to bring about resolution of 
methylmalonyl isomerase, do not significantly affect the activity of the native 
enzyme (Table 4, experiments la and b, 2a and b, and 3). However, when applied 


TABLE 4 


Errect or Ligut, CHARCOAL TREATMENT, AND INTRINSIC Factor ON SHEEP KIDNEY METHYL- 
MALONYL ISOMERASE (Direct Assay) 
Succinate 
xperiment Coenzyme formed 
No. Enzyme DBC) addition Treatment (umoles) 

la Unresolved None None 126 

Ib sg ” Illuminated .119 

le Resolved % None 032 
ld . 10-7 M i 150 
le e " Illuminated .070 
2a Unresolved None None , 115 
2b os " Charcoal .125 
2c Resolved None .025 
2d a i .167 
2e Charcoal .094 
2f ra cy Charcoal before DBC coenzyme 181 
3: Unresolved None None 110 
3b 2 = Intrinsic factor (1 mg) 104 
3c ss - = \ | | (8 eae 111 
3d % RS hs (10 mg) 098 
fa Resolved = None 013 
tb er a .108 
te a se Intrinsic factor (2 mg) .037 


10-7 M 


al 


Conditions as in Table 1 with the following exceptions. Isomerase (in mg protein) experiment 1, 0.5; experi- 
ment 2, unresolved, 0.5, resolved, 0.8; experiment 3, 0.33; experiment 4, 0.39. Preincubation of coenzyme with 
isomerase, experiment 4, 30 minutes. Illumination, 60 min at 0° in a Beckman cell (d = 1 em) with two 100 Watt 
lamps at 12cm. Charcoal treatment, 1 mg Nuchar C per mg protein added to enzyme solution (2 mg protein/ml), 
stirred 15 min at 0° and filtered. Protein was redetermined in the supernatant as some is removed by the charcoal. 
When used, intrinsic factor was incubated with the reaction mixture for 15 min at 30° prior to adding methyl 


malonyl CoA. 
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to the reconstituted holoenzyme, i.e., to the resolved enzyme after preincubation 
with coenzyme, the same procedures lead to partial inactivation (Table 4, experi- 
ments Ic to e, 2c to f, and 4). This suggests either that the natural coenzyme is 
not identical with DBC coenzyme, or that holoenzyme binds the coenzyme less 
tightly in the reconstituted than in the native form. Considering that the 
enzyme is exposed to a low pH for resolution, the latter is not an unlikely 
possibility. 

Discussion.—The fact that the AC coenzyme has very low, if any activity with 
kidney methylmalonyl isomerase is not without interest, since this coenzyme is 
active not only with glutamic isomerase of C’. tetanomorphum, an organism that 
contains mainly AC coenzyme, but also with methylmalonyl isomerase of P. sher- 
manii, an organism that contains predominantly DBC coenzyme. It may be noted 
that the behavior of the cobamide coenzymes with the mammalian enzyme parallels 
that of the corresponding vitamin forms in the animal organism, since both vitamin 
By and its benzimidazole analogue are active as growth factors and against 
pernicious anemia while pseudovitamin By (the adenine analogue) is_ in- 
active." 

Eggerer et al.* have recently established that methylmalonyl CoA isomerization 
(ef. reaction 1) involves migration of the thiolester rather than the carboxyl!” 
group. This is in line with the fact”* that glutamate isomerization (cf. reaction 2) 
occurs by migration of a two-carbon fragment, involving carbons | and 2 of gluta- 
mate, rather than by rearrangement of the C;-carboxyl group. Rearrangement of a 
group along a propionic acid residue is thus a common feature of the two reactions; 
in both cases a methyl! group is produced when the straight-chain compound is con- 
verted to the branched-chain isomer. 

In view of the reported presence of methylmalonic acid in human urine,” a study 
of the levels of this compound in the urine of pernicious anemia patients, and of the 
effect of vitamin By thereon, might be of some interest. 

Summary.—Methylmalonyl isomerase apoenzyme was prepared from sheep 
kidney cortex enzyme fractions by acidification in the presence of ammonium sulfate. 
Activity was restored by dimethylbenzimidazolyl- and benzimidazolyleobamide 
coenzymes but adenyleobamide coenzyme had little or no effect. In contrast, the 
three coenzymes were active with methylmalonyl isomerase preparations from 
P. shermanit. A study of the effects of illumination, charcoal treatment and incuba- 
tion with intrinsic factor on the native and the cobamide coenzyme-reactivated kid- 
ney enzyme, suggested that the strength of the apoenzyme-coenzyme binding in this 
enzyme is greater before than after resolution. 


* Paper No. 6 of series ‘‘Metabolism of propionic acid in animal tissues.’’ Aided by grant 
from the National Institute of Arthritis and Metabolic Diseases (Grant A-1845) of the U.S. 
Public Health Service, and by the Rockefeller Foundation. 
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BIOTIN AND PROPIONYL CARBOXY LASE* 
By Yosuiro Kaziro,t Enzo LEONE, [AND SEVERO OCHOA 
DEPARTMENT OF BIOCHEMISTRY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 
Communicated August 10, 1960 


Propionyl carboxylase catalyzes the Mg**-dependent reversible carboxylation 
of propionyl CoA! to methylmalonyl CoA according to reaction 1.2 In view 


CH; CH, 


(Mg 


ATP + CO, + CH, —— ADP + P, + HC—COOH 


COSCoA COSCoA 


of the widespread indications that biotin functions in carboxylation reactions and, 
more specifically, of the observation by Lardy and Adler* that mitochondrial ex- 
tracts of biotin-deficient rat liver carboxylated propionate at a greatly reduced rate, 
highly purified preparations of propionyl carboxylase from pig heart were assayed 
for biotin;? however, none was detected at that time. A reinvestigation of this 
problem was prompted by the finding that preparations of acetyl‘ and 6-methyl- 
crotonyl® carboxylase from liver and a bacterial source, respectively, contained biotin 
and were inactivated by avidin, the biotin-binding protein of egg white. The reac- 
tions catalyzed by these enzymes—carboxylation of acetyl CoA to malonyl CoA and 
of 8-methylcrotonyl CoA to 8-methylglutaconyl CoA—conform to the pattern of 
reaction 1.6 It appeared, therefore, that propionyl carboxylase must contain 
biotin. Reinvestigation of this question was the more desirable as our biotin 
determinations had been carried out by bioassay with Lactobacillus arabinosus while 
the more sensitive, but less specific yeast bioassay had been used for analysis of other 
carboxylation enzymes.° 

Highly purified pig heart propionyl carboxylase has now been found to contain 1 
mole of bound biotin per 1.5 to 1.6 K 10° gm of protein. Since the molecular 
weight of this enzyme’ is 1.5 & 10°, one molecule contains 10 molecules of biotin. 
Activity of the enzyme is inhibited by stoichiometric amounts of avidin. Previous 
indications? that the enzyme depends on the integrity of -SH groups for activity 
have been confirmed and extended by the observation that it is highly sensitive to 
sulfhydryl-binding reagents. 

Final proof for the involvement of a single enzyme has been provided by the 
crystallization of pig heart propiony! carboxylase.’ The preparation and properties 
of the crystalline enzyme, as well as experiments on the carboxylation and decar- 
boxylation of the enzyme itself, will be reported later. However, observations on 
the propionyl carboxylase-catalyzed exchange of radioactive orthophosphate and 
ADP with ATP, bearing on the reaction mechanism, will be presented here. In 
confirmation of previous results? they rule out the reported occurrence of separate 
steps involving reaction of ATP with the enzyme*:’ to form either ADP and an en- 
zyme-phosphate or phosphate and an enzyme-ADP compound in the absence of COs. 

Materials and Methods.—Propiony] carboxylase was assayed as described by Tietz 
and Ochoa? either by measuring the fixation of CO, or by the optical assay, except 
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that the latter was conducted at 25° rather than at 30°. One unit was defined as 
the amount of enzyme catalyzing the fixation of 1 umole of COs, or the production of 
1 umole of ADP per min at 25°. The enzyme was prepared from pig heart as de- 
scribed by Tietz and Ochoa? with an additional step involving chromatography on a 
hydroxylapatite column.'® The best amorphous preparations had a specific ac- 
tivity of 12.5 units/mg protein. At 30° the specific activity is 1.5 times higher 
or 18.75. Ultracentrifugal analysis’ revealed the presence of two main components 
(Fig. 1). The enzyme, the fast moving component (Ss, = 18.02 8), represented 
75-80 per cent of the total protein. Biotin was determined by microbiological 
assay after acid hydrolysis using both the yeast'! and the L. arabinosus'? method. 
Cultures of Saccaromyces cerevisiae (ATCC No. 9896) and L. arabinosus (ATCC L. 
plantarum, No. 8014) were obtained from the American Type Culture Collection, 
Washington, D.C. 








A 
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32 min. 24 min. 


Fig. 1.—Sedimentation patterns of propionyl carboxylase, specific 
activity 12.5. Sedimentation at 59, 780 rpm in 0.05 M tris buffer, pH 
7.5, containing 0.001 M GSH. Protein concentration, 0.45%. Main 
component, s2, W = 18.02 8. 


To measure the exchange of P**-labeled orthophosphate or ADP with ATP, the 
reaction was stopped by addition of an equal volume of 10 per cent perchloric acid 
followed by adsorption of the nucleotides on Norit and elution with ethanol-am- 
monia.'* In the experiments on P;*? exchange of Table 2, aliquots of the eluate 
were counted directly. In all other cases elution was followed by paper chroma- 
tographic separation of the nucleotides in the isobutyric acid-ammonia system"! 
with use of Whatman No. 1 paper. The ATP spots were cut out and eluted with 
0.1 N HCl, and the radioactivity of the eluates was determined with an end-window 
counter. In the experiments on simultaneous exchange of P;*? and ADP-C™ with 
ATP, the reaction was stopped with 0.2 ml of 20 per cent trichloroacetic acid and the 
nucleotides were isolated as above by paper chromatography of the Norit eluates. 
To determine P* and C" radioactivity separately, the isolated ATP was hydrolyzed 
in 1.0 N HCl for 10 min at 100°. This liberates the labile phosphate groups—of 
which the terminal is labeled with P*? —as orthophosphate and the C!4-labeled 
nucleotide moiety partly as AMP, partly as adenine and ribose 5-phosphate. The 
hydrolysate was passed through a Norit column, previously washed with secondary 
octanol, to adsorb adenineand AMP. The effluent containing the orthophosphate 
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was collected and the nucleotide fraction was eluted with ethanol-ammonia. Ade- 
nine and AMP were determined spectrophotometrically at wavelength 257 mu; 
phosphate was determined colorimetrically.'® C'*-radioactivity was measured with 
a gas-flow, windowless counter. 

P*?-labeled ADP was prepared from ATP equally labeled in the middle and termi- 
nal phosphate groups by reaction with glucose in the presence of hexokinase.!” 
Crystalline yeast hexokinase was a gift of Dr. M. Kunitz, The Rockefeller Institute, 
New York. The labeled ATP was prepared as described by Tatibana et al.'° In 
this method labeled ATP is formed by glycolyzing human blood cells suspended in 
a medium containing citrate, glucose and P;**. The ATP*? was purified by ion- 
exchange chromatography'® on a Dowex 1, X-2 (Cl~ form, 200-400 mesh) column 
and concentrated by chromatography on a small column of the same resin. It was 
then precipitated as the barium salt, converted to the free acid by shaking with 
Dowex 50, X-4 (H*+ form, 50-100 mesh), 
neutralized to pH 3.6 with NaOH and 
lyophilized. The specific radioactivity 
was 2 X 10’ cpm/umole. The ADP* ob- 
tained from the hexokinase reaction was 
purified in the same way as the ATP, ex- 
cept that it was diluted 1:10 with non- 
labeled carrier ADP before chromatog- 
raphy. The final specific radioactivity 
of the ADP was 10° epm/ymole. 


(myg./mg- PROTEIN) 


BIOTIN 


o—e—e YEAST 


~ 
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Propionyl CoA was prepared as in pre- —o—> |-ARABINOSUS 


BOUN 


0 


vious work.? Avidin (2.5 units/mg) was 
purchased from Nutritional Biochemicals 
Corp., Cleveland, Ohio, and crystalline } aaa ec -eninuld 
pyruvic kinase from C. F. Boehringer SPECIFIC ACTIVITY (UNITS/mg. PROTEIN) 
and Sons, Mannheim, Germany. We are Fic. 2.—Proportionality between biotin 
indebted to Dr. W. E. Scott, Hoffmann- content and specific activity of pig heart 
; 4 , propiony! carboxylase. Biotin assayed by 

LaRoche, Inc., Nutley, New Jersey, for a the yeast (—@—-@—@—) and L. arabi- 
gift of d-biotin and to Dr. Kar] Folkers, nosus (—O—O—O—) methods. : 
Merck Institute for Therapeutic Re- 
search, Rahway, New Jersey, for a gift of biocytin. The source of all other prep- 
arations, including 8-C'*-ADP, was as previously given.” 

Results.—Biotin content and avidin inhibition: Propionyl carboxylase was 
assayed for biotin after acid hydrolysis at all steps of purification. As shown in 





Figure 2, the biotin content increased in proportion to the degree of purification. 
As determined by the yeast assay, preparations of specific activity 12.5 contained 
1.6 ug of bound biotin/mg protein, corresponding to one mole/156,000 gm protein. 
The L. arabinosus assay gave on the average 30 per cent lower values. This assay 
was more sensitive to variations in pH and salt concentration than the yeast assay, 
a factor which may have been responsible for the previous failure to detect the 
presence of biotin in this enzyme.* No biotin was detected by either assay prior to 
hydrolysis. Such a result could be obtained either if biotin were dissociably bound 
to the enzyme with a very low dissociation constant, or if it were part of a larger 
coenzyme molecule even if this were loosely bound to the protein. However, both 
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these possibilities were ruled out by the observation that the biotin content of the 
enzyme remained unchanged after precipitation with perchloric acid, a procedure 
which would have split off any compound not covalently bound to the protein. 
Since biotin is bound through a peptide-like linkage to the epsilon-amino group of 
lysine in biocytin,” it is likely that the vitamin is thus linked to lysine residues of the 
enzyme. 

As reported for other biotin enzymes‘ and for propiony! carboxylase of ox liver,’ 
pig heart propionyl carboxylase was inhibited by avidin. As would be expected, 
the inhibition could be prevented by the prior addition of excess biotin. However, 
as also reported by Halenz and Lane,’ biotin addition did not restore the activity of 
enzyme previously inhibited by avidin. The activity of avidin solutions decreased 
with time, even on storage in the frozen state. With freshly prepared solutions, 
however, close to 100 per cent inhibition was obtained with stoichiometric amounts 
of avidin after incubation with the enzyme for 10-15 min (lig. 3). This indicates 


Fic. 3.—-Time course of inhibition of propionyl carboxylase by 

a a stoichiometric amount of avidin. 0.12 ml. of a freshly prepared 

NO AVIDIN solution of avidin (2.5 units/mg) with 0.03 mg of protein (0.075 

unit*) was incubated at 18° with 40 ug of enzymet (0.075 ug 

bound biotin) in 0.02 M Tris buffer, pH 7.5, containing 0.001 

M EDTA and 0.0005 M GSH. Final volume, 0.6 ml. At zero 

time and at various time intervals thereafter, 0.04 ml aliquots 

(equivalent to 2.66 wg enzyme) were withdrawn for propiony! 

carboxylase activity determination by the optical assay. In the 

similarly treated control sample (no avidin) buffer was substi- 

AVIDIN tuted for the avidin solution. The ordinate gives reaction rates 

as A absorbancy/min. 

* 1 unit is the amount of avidin binding 1 yg of free biotin.?! 

The protein concentration of the “ idin solution was determined 

eee by the method of Lowry, O. H., N. J. Rosebrough, A. L. Farr, 
ye eee Dae and R. J. Randall, J. Biol. Chem., 193, 265 (1951). 
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10 20 t Its specific activity, initially 12.5, had decreased to 7.5 at 
INCUBATION AT 18° (MIN the time the enzyme was used for this experiment. 


that avidin has as much affinity for enzyme-bound biotin as it has for the free 
vitamin a result which is in line with the observation of Wright e¢ al.22 that avidin 
has the same degree of affinity for biotin and biocytin. The purest preparations of 
avidin have a binding capacity of 8 wg biotin/mg (8 units?'!/mg) and a molecular 
weight between 60,000 and 70,000.°° Since their biotin-binding capacity corre- 
sponds to one mole biotin/30,000 gm avidin, Warner” considers it likely that two 
meen of biotin are bound by one of avidin. If so, for a molecular weight of 

5 X 10°, one molecule of pig heart propiony! carboxylase containing 10 molecules 
of roe would bind 5 molecules of avidin. 

With bacterial 6-methylerotonyl carboxylase Lynen et al.° obtained carboxylation 
of d-biotin when added in large amounts to the system in place of 6-methylcrotony! 
CoA. J[-Biotin, the non-natural enantiomorph, did not react. Under similar 
conditions, and with large amounts of pig heart propionyl carboxylase (up to 750 

g protein/ml; specific activity, 4), we observed no detectable reaction either in the 
optical assay or in experiments with C'O.. Bioeytin also gave negative results. 
The results of Lynen ef al. could be explained by the assumption® that their enzyme 
can bind d-biotin in a dissociable fashion and that the CO» combined with (covalently 
bound) enzyme biotin can be transferred to the dissociably bound vitamin. If so, 
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our negative results would simply reflect a lack of affinity of propionyl carboxylase 
for free biotin. Another possibility would be that the relatively crude enzyme 
preparations used by Lynen et al. in these experiments contained enzymes capable 
of hydrolyzing biotin (or biotin-CO.) off the carboxylase and of linking biotin to the 
enzyme in the presence of ATP. 

Inhibition by -SH reagents: It was noticed in previous work? that GSH not only 
stabilized pig heart propionyl carboxylase but also enhanced the rate of reaction 
suggesting the involvement of -SH groups. For this reason, the effect of such sulfhy- 
dryl-binding reagents as p-chloromercuribenzoate and iodoacetamide was investi- 
gated with use of the optical assay. As shown in Table 1, p-chloromercuribenzoate 
was strongly inhibitory; complete inhibition was produced by a concentration of 
5 X 10-§ M. Under our experimental conditions (brief preincubation with the 
enzyme) iodoacetamide was less inhibitory; 90 per cent inhibition was obtained at a 
concentration of 10-? WM. The same results were obtained with p-chloromercuri- 
benzoate in the CO fixation assay thus ruling out an effect of the inhibitor on the 
auxiliary enzymes used in the optical assay. 0.5 * 10~* M propionyl CoA, added 
prior to the sulfhydryl! reagent, afforded partial protection (about 60 per cent) of the 
inhibition produced by 5 X 10~* M p-chloromercuribenzoate or 10~? M iodoacet- 
amide. The same was true of 2 X 10-* WM GSH. Under the same conditions, 
2 X 10-* M ATP provided no significant protection. Inhibition with p-chloro- 
mercuribenzoate could be partially reversed (about 50 per cent) by 4 K 107% M 
GSH. 


TABLE | 
INHIBITION OF PROPIONYL CARBOXYLASE BY p-CHLOROMERCURIBENZOATE AND [ODOACETAMIDE 


p-Cl-Hg-benzoate Inhibition lodoacetamide Inhibition 
(M) / (M) (%) 
1x 107 < 1 xX 1074 34 
5X 107 ‘ 1 xX 10-3 50 
1 xX 107% 1X 107-2 89 
2X 10-* 
5 X 10-5 
Following incubation of the enzyme with the inhibitor for 5 min at 18°, the reaction was started by addition of 
ATP and propionyl CoA. Optical assay. Samples contained (in umoles) Tris buffer, pH 8.0, 100; MgCl, 4: 
ATP, 2; KHCOs, 50; propionyv! CoA, 0.5; KCl, 100; phosphoenolpyruvate, 1; DPNH, 0.16; an excess of pyruvic 
kinase and lactic dehydrogenase; and propionyl carboxylase (specific activity, 12.5) 0.8 ug. 


Experiments on reaction mechanism: On the basis of experiments on the exchange 
of radioactive P;> or ADP® with ATP, the exchange of 8-methylcrotonyl CoA with 
8-methylglutacony! CoA® and the carboxylation of free biotin,® it has been pro- 
posed®: * that the enzymatic carboxylation of 6-methylerotonyl CoA or propiony] 
CoA involves three separate steps as follows :” 


(la) ATP + enzyme-biotin ——— P; + enzyme-biotin~ADP (or ADP + enzyme-biotin ~P; ) 
(Mg**) 

(1b) Enzyme-biotin~ADP (or enzyme-biotin~P;) + CO, —— ADP (or Pi) + enzyme- 

biotin~CO, 

(le) Enzyme-biotin~CO, + 6-methylerotonyl CoA (or propiony! CoA) = enzyme-biotin 

+ 6-methylglutaconyl CoA (or methylmalonyl CoA) 


» 


Failure to obtain exchange of either P;*? or ADP-C' with ATP in previous work 
with pig heart propiony! carboxylase? made the occurrence of reaction la, in either 
of its two forms, very doubttul. In reinvestigating this point we found that there 
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was hardly any exchange of P;** with ATP unless ADP was also present (Table 2) 
and, conversely, no significant exchange of radioactive ADP with ATP in the absence 
of P; (Table 3). In all cases the exchange required Mg** and was inhibited by 
avidin and by p-chloromercuribenzoate. However, complete inhibition with the 
latter was obtained only at 10~* M concentration. These results definitely rule 
out reaction la. It should be pointed out that when first repeating the experiments 
on exchange of ADP-C'* with ATP we had positive results in the absence of added 
P; but this could be traced to the presence of P; in the ADP and ATP preparations 
used. As seen in Table 3 there was no significant exchange of ADP-C" with ATP, 
in the absence of added P;, when the nucleotides were purified by ion-exchange 
chromatography prior to use. Since both ATP and ADP preparations slowly de- 
compose on storage (even in the cold and in solid form) to ADP + P; and AMP + 
P;, contamination of ATP with ADP and P; and of ADP with P; must have been 
responsible for the diverging results of other investigators. 


TABLE 2 
P\3?-ATP ExcHANGE 
Experiment 1 (pH 7.5) - ’ Experiment 2 (pH 6.2) 
Radioactivity Radioactivity 
in nucleotides in nucleotides 
Components (epm) Gas phase (epm) 

Complete system 14300 Nitrogen 90 

No enzyme 45 CO. 604 

No ADP 1450 

No Mg*+ 130 

Complete + avidin 60 

(0.45 mg) 

Ine xpe rime nt 1 the complete system consisted of the following (in wmoles). Tris buffer, pH 7.5, 100; MgSOu, 6; 
GSH, ATP, ADP, 2; KHeP#20q, 2 (350,000 cpm); enzyme, 0.54 unit. Final volume, 1.0 ml. In experiment 
2 each ‘sample Bo wid (in umoles) cacodylate buffer, pH 6.2, 200; MgSOu, 6; GSH, 2; ATP, 2; ADP, 2; KHe 
P2204, 2 (516,000 epm); enzyme, 0.4 unit. Final volume, 1.0 ml. Before adding the enzyme the reaction mixtures 
were acidified to pH 3.0 with 2.0 N HCl, gassed with a stream of nitrogen for 10 min and then brought to pH 6.2 
with COeo-free NaOH. The reaction was carried out in Warburg vessels one of which contained 0.1 ml of 20 per cent 
KOH in the center we ll and nitrogen in the gas phase, while the other had CO: in the gas phase. Both vessels were 


shaken for 15 min at 37° before starting the reaction by tipping in the enzyme from the side-bulb. In both ex 
periments 1 and 2 the incubation was for 60 min at 37°. 


TABLE 3 
ADP#-ATP EXCHANGE 
Components Radioactivity in ATP 
(epm/pmole) 

Complete system * 74900 

No P; 1350 

No Mg** 0 

Complete system + avidin (0.45 mg) 3450 
* Contained (in ymoles) Tris buffer, pH 7.5, 50; MgSOs, 3; GSH, 1; ATP, 1; ADP (labeled = P?2 in the 
terminal phosphate, specific radioactivity, 571,000 cpm/ymole), 0.9; potassium phosphate, pH 7 1; enzyme, 


0.25 unit. Final volume, 0.5 ml. Incubation, 60 min at 37°. ATP and ADP*? were purified hing ion exchange 
chromatography prior to their use for this experiment. 


Reaction la is further ruled out by the demonstration that CO, is required for 
the ADP-dependent P;**-ATP exchange. This is shown in Table 2 (experiment 2). 


In this experiment efforts were made to eliminate CO, as far as possible from the 
reaction mixture. To further insure absence of CO», the reaction was carried out at 
pH 6.2. Although at this pH propionyl carboxylase has only about 10 per cent of 
its activity at pH 7.5, the marked stimulation of the exchange by CO: is clearly seen. 
Some stimulation of the simultaneous exchange of P;*? and ADP-C' with ATP 
was pre on increasing the concentration of bicarbonate from 5 X 10~-* M (K,, for 
CO», 2.5 X 10-* M?) to 10-* M (Table 4). Higher concentrations were inhibitory. 





Vou. 46, 1960 BIOCHEMISTRY: KAZIRO, LEONE, AND OCHOA 1325 


The experiments of Table 4 indicate that, as followed simultaneously, each ex- 
change, i.e. that of P; with ATP and of ADP with ATP, proceeds at about the 
same rate and each is similarly affected by changes in the concentration of bicar- 
bonate. These results provide additional support for a concerted reaction mecha- 
nism since independent steps, as in reactions la and 1b, would probably give differ- 
ent rates of exchange for P; and ADP. 


TABLE 4 
SIMULTANEOUS EXCHANGE OF P*?-LABELED PHOSPHATE AND C!4-LABELED ADP wirn ATP 


KHCO; P\3?-ATP exchange ADP-C'4-ATP exchange 
addition epm/pumole cpm/pmole 
(M) ATP ATP 


¢ 
¢ 


or 
( 


5 < 10-9 $2610 +f] 14680 6 

x -9 50180 1] 21580 9 

2 X 107? 47380 10 16680 7 

5 X 10-3 22980 5 10480 4 
Samples contained (in wzmoles) Tris buffer, pH 7.5, 50; MgSO., 3; GSH, 1; ATP, 1; 8-C'*-ADP (240,000 epm/ 

umole) 1; KH2P%204 (480,000 ecpm/umole), 1; KHCO, as indicated; enzyme (specific activity, 12.5), 0.3 unit 

Final volume, 0.5 ml. Incubation, 60 min at 37°. 


In further confirmation of previous results”* we failed to obtain an exchange be- 
tween C'*-labeled propiony!l CoA and methylmalonyl CoA in the presence of 
propionyl carboxylase, whether in the absence or presence of Mg**. This rules 
out reaction le. 

Discussion.—The above results and experiments now under way on the carboxyla- 
tion and decarboxylation of the propionyl carboxylase protein® throw some new light 
on the mechanism of reaction 1. It is suggested that it proceeds via the separate 
steps represented by reactions A and B (Fig. 4) and that a side-reaction (reaction 
Al) is responsible for the observed CO.-dependent exchange of P;*? and ADP® 
(or ADP-C"*) with ATP, of which the former is ADP- and the latter P;-dependent. 


ATP + enzyme-biotin-CO, 


(A2) || (Mgt*) 


‘wn ‘ woe CNM Ps Sr Mg*t 4 
(A) ATP + CO, + enzyme-biotin (Mg ) ATP-enzyme-biotin-CO, (Mg**) [*P. ] enzyme- 


—_—— 


biotin~CO, 
(Al) || (Mg**) 


ADP + Pi + enzyme-biotin ~ CO, 


(Mg ? ADP + Pi + enzyme-biotin + 


—_—— 


' ADP “ ee ‘ og a 
(B) p enzyme-biotin ~ CO. + propionyl CoA 
methylmaloyl CoA 


Fic. 4.—Suggested mechanism of propionyl carboxylase reaction. The sign ~ denotes a high 
energy bond. 


Although this point requires further documentation, these exchanges appear to be 
too slow to account for the rate of reaction 1 even in the back direction? in which the 
reaction is much slower than in the forward direction. 

Reactions A and B (Fig. 4) have been separated in time by (a) stoichiometric 
sarboxy lation of the protein with CO, (one mole per mole of biotin), in the presence 
of ATP and Mg™*, and (6) transfer of the CO, from the labile carboxyl-enzyme to 
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propionyl CoA. When the C'‘-carboxyl-enzyme is obtained free of nucleotides by 
passage through a Dowex-1 column, its radioactivity is quantitatively transferred 
to propionyl CoA, in the presence of a large excess of unlabeled bicarbonate, only 
after addition of ATP, but there is no transfer if EDTA is added in excess, showing 
that Mg*”* is required along with ATP for this step. Formation of “active’’ car- 


ADP = 1 as 
boxyl-enzyme (represented as p enzyme-biotin~Co, in Fig. 4) under these 
1 


conditions might occur via reaction A2. These results explain our failure to obtain 
exchange of C!‘-labeled propionyl CoA with methylmalonyl CoA on incubation with 
propiony! carboxylase, an exchange that should take place if reaction le (p. 1323) were 
indeed a partial step of reaction | (p. 1319). Experiments with O* now in progress?” 
and determination of the stability of the C'‘-carboxvl-enzyme, in the absence and 
presence of ATP, may lead to a closer understanding of the reaction mechanism 
and the chemical nature of the active form of the CO.-enzyme. 

Repeated observations that certain CO»-fixation reactions or enzymes were de- 
creased in biotin deficiency had long pointed to a function of this vitamin in CO. 
fixation,?® but its mode of action was not disclosed until recently by Lynen’s de- 
cisive work on 8-methylcrotonyl carboxylase.’ Noteworthy is the fact that the 
“malic”? enzyme, the first CO: fixation enzyme that was found to be markedly and 
specifically decreased in biotin deficiency,”® is not a biotin enzyme. Partially 
purified preparations of this enzyme had essentially no biotin®® and, as we observed 
more recently, the enzyme was not inhibited by avidin. Whether or not biotin is in 
some way connected with the synthesis of ‘‘malic’”’ enzyme, as suggested by Blanch- 
ard et al.,® the relationship of biotin to this enzyme is an intriguing subject for 
further investigation. 

Summary.—Highly purified pig heart propionyl carboxylase contains approxi- 
mately one mole of bound biotin per 150,000 gm of enzyme. No biotin is released 
from the protein following precipitation with perchloric acid. This indicates that 
the vitamin is covalently bound to the protein, probably through peptide-like 
linkages to the epsilon-amino groups of lysine residues as in biocytin. After short 
incubation, propionyl carboxylase is completely inhibited by stoichiometric amounts 
of avidin, the biotin-binding protein of egg white, indicating that this protein has 
as much affinity for enzyme-bound biotin as it does for the free vitamin or for 
biocytin biotin. The enzyme is strongly inhibited by p-chloromercuribenzoate and 
less strongly by iodoacetamide indicating that the integrity of -SH groups is es- 
sential for activity. 

Kxperiments on the propionyl carboxylase-catalyzed, avidin- and p-chloro- 
mercuribenzoate-sensitive exchange of radioactive phosphate and ADP with ATP 
rule out the reported occurrence of steps involving reaction of ATP with the enzyme, 
to form either ADP and an enzyme-phosphate or phosphate and an enzyme-ADP 
intermediate in the absence of COs, as part of the over-all reaction. The reaction 
mechanism is discussed in the light of these and other experiments now under way 
on the carboxylation and decarboxylation of the enzyme itself. 


We wish to thank Mr. Morton C. Schneider who carried out most of the biotin 
assays. We are also indebted to Mr. Schneider and Mr. Horace Lozina for help 
with the preparation of the enzyme. 
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THE FUNCTION OF ACETATE IN PHOTOSYNTHESIS BY GREEN 
BACTERIA* 
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Our present knowledge of the physiology and biochemistry of green sulfur bac- 
teria (genus Chlorobium) is largely based on the studies of van Niel! and of Larsen.? 
Their work showed that the members of this genus are strictly anaerobic, obligate 
photolithotrophs, which perform a typical bacterial photosynthesis using reduced 
inorganic sulfur compounds as electron donors. The physiology of these photo- 
synthetic bacteria is accordingly similar to that of the purple sulfur bacteria, with 
one significant exception: all members of the latter group so far studied in pure 
culture can also use a variety of simple organic substrates for photosynthesis in the 
absence of a reduced inorganic sulfur compound. The possible participation of 
organic compounds in the photometabolism of green bacteria was examined in 
detail by Larsen,? using Chlorobium thiosulfatophilum. He found that none of the 
simple organic compounds commonly used as substrates for photosynthesis by 
purple sulfur bacteria could support the photosynthetic growth of C. thiosulfato- 
philum. However, manometric experiments suggested that resting cells could 
bring about a slow and limited transformation of organic acids anaerobically in the 
light. Only with propionate was a rapid metabolism observed. More detailed 
study showed that C. thiosulfatophilum performs a unique photosynthetic reaction 
with this substrate, grossly expressed by the equation: 


CH;CH,COOH + CO, “8! HOOCCH.CH.COOH. (1) 


A large part of the propionic acid metabolized is excreted into the medium as 
succinic acid. The physiological function of this reaction is obscure. Larsen? 
commented: “it can be safely concluded that the formation of succinic acid can 
hardly be considered as an important stage in the normal assimilatory process.”’ 
However, the existence of the reaction revealed one very important fact: the failure 
of green bacteria to utilize organic compounds for growth cannot be attributed to 
the failure of such compounds to enter the cell. 

Recently, Mechsner*® has reported that a new species of Chlorobium, C. chloro- 
chromatti, can grow well photosynthetically at the expense of peptone and malate. 
He confirmed, however, that the two species studied by Larsen, viz. C. limicola 
and C. thiosulfatophilum, are unable to utilize organic compounds for growth. 

This paper reports certain new observations on the utilization of organic sub- 
strates by C. limicola. 

Materials and Methods—Organisms and culture conditions: Several strains of 
(’. limicola were isolated from local mud samples using the procedures described by 
Larsen’ for enrichment and purification. _Larsen’s mineral medium,’ which contains 
0.024 M NaHCO; and 0.0042 M Na.S, was used routinely for cultivation. In this 
medium, sulfide is the growth-limiting nutrient, as shown by preliminary experi- 
ments in which the sulfide content was varied, other components being kept con- 
stant. There is strict proportionality between cell yield and sulfide concentration 
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up to a sulfide concentration of 0.0073 M. In the experiments to be described 
Larsen’s basal medium was used, but the concentrations of bicarbonate and of 
sulfide were sometimes varied; such variations will be indicated in the text. Stock 
cultures were maintained as stabs in Larsen’s mineral medium solidified with 2 
per cent agar, and covered with a layer of vaspar. 

Procedures for growth experiments: Cultures were grown in completely filled, 
screw-capped bottles of 60 ml capacity, incubated at approximately 30°C in a 
light cabinet. Two methods for estimating the density of bacterial cultures were 
used: light scattering, measured with a Beckman DU spectrophotometer at 600 
my, and determination of protein by the method of Lowry et al. The simpler 
turbidimetric method cannot be used when cultures contain elemental sulfur, as is 
the case until the sulfide has been completely oxidized. Comparative measure- 
ments on sulfur-free cell suspensions showed that the two methods give strictly 
comparable results: a turbidity of 1.000 at 600 mu corresponds to a protein content 
of 218 ug/ml. 

In many experiments, the chlorophyll content of the culture was also determined, 
using a modification of the method of Cohen-Bazire et al.> for the determination 
of bacteriochlorophyll. A measured volume of the culture was centrifuged, the 
supernatant was discarded, and the packed cells were resuspended in 0.1 ml of water. 
After addition of 4.9 ml of acetone-methanol (7:2 v/v) the suspension was mixed 
and again centrifuged. The optical density of the supernatant extract was im- 
mediately measured at 665 mu. The chlorophyll content was calculated using the 
specific absorption coefficient of 92.6 1/gm.cm for chlorobium chlorophyll-660 
in acetone reported by Stanier and Smith.® 

Measurements of radioactivity: The radioactivity of cells which had incorporated 
C'-labeled acetate or bicarbonate was determined as follows: A suitable aliquot of 
culture was drawn through a Millipore filter and the cells on the filter washed with 
water. The filter pad was then removed, fastened onto an aluminum planchet 
with a thin layer of paste,’ dried, and counted. For determining the intracellular 
distribution of radioactivity, washed cells were fractionated according to the pro- 
cedure of Roberts et al. All radioactive samples were counted in a Nuclear-Chicago 
gas flow counter. 

Results.—Effect of organic substrates on the growth of C. limicola: In confirma- 
tion of earlier reports'~* we could not obtain photosynthetic growth of C. limicola 
at the expense of any of the organic compounds tested. However, we observed 
that certain organic compounds added at low concentration (0.005 M/) to the basal 
medium of Larsen (in which growth is ultimately limited by the amount of sulfide 
furnished) caused detectable increases in growth yield and in final chlorophyll 
content. Results of a typical experiment are shown in Table 1. Small but sig- 
nificant increases in both growth yield and chlorophyll production were obtained 
with propionate, pyruvate, lactate, glucose, and glutamate, and a very marked 
increase with acetate. Accordingly, it was decided to investigate the acetate 
effect in greater detail. 

The increment in growth yield obtainable with different quantities of acetate 
was first ascertained. Addition of increasing quantities of acetate to the basal 
medium systematically increased the cell yield and the chlorophyll content of cul- 
tures up to an acetate concentration of approximately 0.005 M. As the acetate 
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TABLE 1 
EFFECT OF ORGANIC SUPPLEMENTS ON CELL YIELD AND CHLOROPHYLL CONTENT OF C. limicola 
GROWN PHOTOSYNTHETICALLY AT THE EXPENSE OF SULFIDE AND BICARBONATE 


Cell yield Chlorophyll content 
Organic supplement (Optical density at 600 my) (mg/100 ml of culture) 
None 0.420 0.316 
Acetic acid 0.810 0.585 
Propionic acid 0.505 0.356 
Butyric acid 0.430 0.328 
Pyruvic acid 0.530 0.430 
Succinic acid 0.408 0.310 
Malic acid 0.408 0.295 
Lactic acid 0.450 0.360 
Glucose 0.470 0.373 
Glutamic acid 0.468 0.370 


All organic compounds were added at a final concentration of 0.005 M to Larsen’s basal medium. Organic acids 
were used as sodium salts 


concentration was further increased, both cell yield and chlorophyll content re- 
mained at the maximal value until the acetate concentration approached 0.1 M; 
at this level, both values began to decline. The maximal increase in cell yield 
and chlorophyll content represented an approximate doubling of the values ob- 
tainable without any addition of acetate. 

The metabolic fate of acetate: Cultures were grown in the basal medium supple- 
mented with 0.004 M C'4H;C “OOH (90,000 counts/min/culture). Determinations 
of the radioactivity of the cells showed that 78 per cent of the acetate carbon was 
incorporated into cell material after 3 days of growth, and 93 per cent after 6 days. 

In order to compare the gross intracellular distribution of carbon derived from 
acetate and from COs, the following experiment was performed. Three cultures 
were prepared, one containing CQO, as the sole carbon source, one containing 
CO, and unlabeled acetate, and one containing acetate-C'* and unlabeled COs. 
The percentage incorporation of the labeled substrate and its distribution among 
the various cell fractions were determined in each case (Table 2). Under the 
conditions of this experiment acetate is almost entirely incorporated into cell 
material and the intracellular distribution of acetate carbon is grossly indistinguish- 
able from that of CO, carbon. Furthermore, the gross intracellular distribution 
of carbon derived from COs is not significantly altered when acetate is simul- 
taneously assimilated. The magnitude of CO, incorporation appears to be slightly 
reduced by the simultaneous uptake of acetate, but the difference is barely sig- 
nificant. 


TABLE 2 
INTRACELLULAR DISTRIBUTION OF CARBON ASSIMILATED FROM CQ, AND ACETATE BY C. limicola 


_ Nature of Carbon Source 
COs and C!Ovand 
Radioactive substrate C02 CHsC?00H CHsC4OOH 
incoporated in cells (umoles) 380 317 223 
Percentage of total counts in cells 
Cold TCA-soluble 2 2 3 
Ethanol-soluble 32 34 36 
Ethanol-ether-soluble 6 4 7 
Hot TCA-soluble 9 8 6 
Residual protein 34 38 35 
Total recovery of counts in cells 83 86 87 
Cells grown in Larsen’s basal medium, furnished in all cases with 1440 uwmoles of COx. When acetate was added, 
the amount was 240 umoles 





Vou. 46, 1960 BIOCHEMISTRY: SADLER AND STANIER 1331 


Dependence of acetate assimilation on provision of sulfide and COs: C. limicola 
was grown in two series of bottles containing amounts of sodium sulfide ranging 
from 26 umoles to 400 umoles. One series contained no acetate and the other was 
supplemented with a fixed concentration of C'‘H;C“OOH (0.004 ./). The growth 
yields for both series were determined, and the percentage incorporation of acetate 
carbon into the cells was also determined in the series supplemented with radio- 
active acetate. The data in Figure 1 show that the absolute magnitude of the 
increase in growth yield produced by acetate is proportional to sulfide concentra- 
tion. As would accordingly be expected, the amount of acetate carbon assimi- 
lated by the cells is proportional to the amount of sulfide furnished (Fig. 2). For 
every mole of sulfide oxidized, about 0.75 mole of acetate is assimilated. 
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Fia. 1.—Growth yields of C. limicola as a function of sulfide concentra- 
tion. Closed circles: Cells grown in basal medium alone. Open circles: 
Cells grown in basal medium supplemented with 0.004 M acetate. 





The influence of CO, on acetate assimilation was examined by growing C. limicola 
in two series of bottles containing a fixed amount of sulfide (260 umoles) and varying 
amounts of sodium bicarbonate (7.5 umoles to 1500 umoles). One series was sup- 
plemented with 52.5 umoles of acetate-C'* and the other with 105 uwmoles of acetate- 
C4, After growth, the amount of acetate carbon incorporated into the cells was 
determined (Table 3). 

With 260 umoles of sulfide, the amount of bicarbonate which can theoretically 
be assimilated according to the gross photosynthetic equation: 
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is 520 wmoles. Accordingly, bicarbonate is in excess at the two highest levels 
employed. At these levels, there is a virtually quantitative assimilation of acetate 
carbon, as would be expected from the previously established quantitative de- 
pendence of acetate assimilation on sulfide concentration (Fig. 2). However, at 
levels where bicarbonate is the growth-limiting nutrient (375 wmoles and below), 
progressively less acetate is assimilated as the bicarbonate level is reduced. Within 
this region of bicarbonate limitation, the amount of acetate taken up by the cells is 
independent of the amount of acetate added but is strictly dependent on the amount 
of bicarbonate added. A small amount of acetate is assimilated in the absence of 
added bicarbonate; however, as the inoculum for this experiment was taken from a 
culture which contained excess bicarbonate, some carry-over of CO, no doubt 
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Fic. 2.—Dependence of acetate assimilation by C. limicola on the concen- 
tration of sulfide. Cells grown in basal medium, supplemented with the indi- 
cated amounts of sulfide and with a fixed amount of C'4H;C'“OOH (240 umoles). 





TABLE 3 
INFLUENCE OF BICARBONATE CONCENTRATION ON ASSIMILATION OF ACETATE BY C. limicola 
Acetate Content of Medium- 
NaHCO; added to 52.5 wmoles 105 umoles 
medium (yumoles) Acetate incorporated in cells (umoles) 

96.5 
103.0 
87.0 
26.3 
»») 0 
ro 3.6 
None ¢ 5 
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occurred, This fact makes it impossible to determine from the data the absolute 
quantitative relationship between acetate assimilation and CO, assimilation. 

Interpretation of the results: These experiments show that acetate can serve as a 
general source of cellular carbon during the photosynthetic growth of Chlorobium 
limicola. It can only do so, however, when the cells are simultaneously supplied 
with CO.; furthermore, the amount of acetate which can be assimilated is pro- 
portional to the amount of CQO, available. These experiments also show that 
acetate cannot provide the reducing power required for photosynthesis: its utili- 
zation by Chlorobium is strictly dependent on the provision of H.S, and the amount 
of acetate which can be assimilated is proportional to the amount of HS available. 

Thus, contrary to earlier suppositions,': * an organic compound can serve as a 
carbon source for C. limicola; however, the conditions under which it can be so 
utilized are severely restrictive. This is in sharp contrast to the manner of acetate 
utilization characteristics of purple bacteria. Anaerobically in the light, these 
organisms can grow photosynthetically using acetate as sole source of carbon and of 
reducing power.’ The gross mechanism of this photosynthetic process has become 
reasonably clear as a result of recent work with Rhodospirillum rubrum.'"© Acetate 
undergoes a primary anaerobic oxidation-reduction. It is in part oxidized to 
CQO, presumably via the tricarboxylic acid cycle, and the reducing power so made 
available is used for the reductive synthesis of a primary reserve material, poly- 
8-hydroxybutyric acid, from other acetate molecules: 


Yn acetate “8% In CO. + 4(C,H.O2), + 6n H.O. (3) 


10 


The function of light is to provide the needed ATP for the synthetic reactions. °® 


In R. rubrum, subsequent conversion of the primary reserve material to other cell 


materials (carbohydrate, protein, etc.) is rigorously dependent on the presence of 
CO».'° However, even in a culture initially provided with acetate as sole carbon 
source, CO» will have been formed in the primary oxidation-reduction (see equation 
(3)) and will therefore be available for subsequent general cellular synthesis. 

In the light of this work, a simple hypothesis can be offered to explain the much 
more restricted manner of acetate utilization by Chlorobium. If this organism 
lacks the enzymatic machinery required for the oxidation of acetate, it would be 
unable to use acetate either as a source of reducing power or as a source of CO»; 
under these conditions, the use of acetate as a source of cellular carbon would be 
dependent on the provision of reducing power and of CO, from other sources. 
Such a double dependence is precisely what we have observed. 

Confirmation of this hypothesis will require analysis on the biochemical level. 
Nevertheless, our present physiological studies have revealed an additional fact 
which lends some support to it. It was shown by Muller! that cultures of purple 
sulfur bacteria growing at the expense of acetate produce approximately 0.17 moles 
of CO. per mole of acetate metabolized. This value is slightly lower than the 
value predicted by equation (3), as would be expected if some of the CO, formed 
from acetate is subsequently fixed during the conversion of the primary reserve 
material to general cellular materials. In our experiments on the assimilation of 
acetate-C'* by Chlorobium, we have made several determinations of the fraction of 
the total radioactivity present in CO. after the complete utilization of acetate. 
This fraction was always very small, and its value was therefore difficult to deter- 
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mine with accuracy; however, the observed ratio of counts incorporated into cell 
material to counts evolved as CO. was of the order of 90:1. This corresponds 
to a molar ratio of acetate assimilated to CO. evolved of approximately 0.02, some 
ten per cent of the value which can be inferred from Muller’s data on acetate 
metabolism by purple sulfur bacteria. It is therefore evident that Chlorobiwm has a 
much more limited ability to form CO, from acetate than do the purple sulfur bac- 


teria. 

* This work was supported by a grant from the National Science Foundation. 

+t Present address: Department of Biochemistry, University of Sydney, Australia. 
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ON THE ELECTRON-DONATING PROPERTIES OF INDOLES* 
By ALBERT SZENT-GYORGYI AND IRVIN ISENBERG 


THE INSTITUTE FOR MUSCLE RESEARCH, MARINE BIOLOGICAL LABORATORY, WOODS HOLE, 
MASSACHUSETTS 


Communicated August 13, 1960 


It has been noted that indoles, such as 5-hydroxyl tryptamine (serotonin) form 
charge transfer complexes with riboflavin,! and that this charge transfer is a strong 
one, involving the formation of a primarily ionic complex and leading, under suit- 
able conditions, to the formation of free radicals.2. The orbital energies of indole, 
calculated by the Pullmans,*‘ do not predict such strong electron donor properties. 
They show indole to be only a fair electron donor. That this is the case was shown 
experimentally by E. Fujimori,t who measured the charge transfer spectrum 
of indole with various classical acceptors, capable of 2-7 interaction, like tri- 
nitrobenzene, benzoquinone, chloranil, and bromanil. 

It seemed desirable to find the cause of this discrepancy since various biologically 
important molecules, like serotonin, tryptophan, and growth hormones, are indole 
derivatives. 

The electronic structure of indole, calculated by the Pullmans,* shows a high 
formal negative charge on carbon atom 3, and a smaller one on carbon 2. It 
seemed thus possible that the strong electron donor properties of indole were due 
to the high electron density on one or both of these C atoms. The z electrons of 
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these carbon atoms belong to the z electron pool of the highly conjugated molecule. 
So, it seemed possible that the high electron density makes these individual C 
atoms into good “local’’ donors, which could draw on the z electron pool of the 
whole molecule for the donated electron. As the work of Fujimori showed, this 
localized electron-donating property does not declare itself in a m-z interaction. 
However, it might declare itself in an interaction with a small, or “‘local,’”’ electron 
acceptor. Such an interaction would not demand the rigorous steric require- 
ments on a donor-acceptor complex that a az interaction of two aromatic struc- 
tures does. For this reason we have tested the interaction of indoles with iodine, 
the I, molecule being a relatively small molecule and a fair electron acceptor. 

Charge transfer will occur only if there is overlap between the donor and the 
acceptor orbitals. At room temperature, in solution, thermal agitation may keep 
the two molecules apart. In order to study charge transfer, it may be necessary 
to force the two together, which can be done in various ways. One can, for instance, 
dissolve both substances in water and freeze the solution, whereby the solvent 
crystallizes out leaving the solutes in close proximity: In case of nonpolar sub- 
stances, one can dissolve these separately in a volatile solvent like chloroform, then 
moisten a filter paper with the solution of the one, say the donor. After the solvent 
has evaporated, one can moisten the paper with the solution of the acceptor. After 
evaporation of the solvent, the two solutes will be left in close proximity. One 
can also evaporate a solution of the mixture of both components. In many cases 
it may suffice to lower the temperature of the mixture of the two substances in order 
to induce the desired complex formation. Another method consists of allowing 
a solution of the donor in question to dry on filter paper, then exposing the paper 
to the action of I, vapor.® 

An 0.1 M solution of I, in chloroform is purple. If this solution is mixed with 
an 0.1 M solution of indole, the solution remains purple showing that little or no 
charge transfer complex is formed. However, if the solution is placed on filter 
paper and the solvent allowed to evaporate, a black spot is left behind. Similarly, 
if the solution is cooled in a dry-ice cooling mixture a voluminous black precipitate is 
formed which dissolves again on warming. The precipitate may be separated by 
centrifugation at —20°C. When the precipitate is pressed out between sheets of 
filter paper and quickly air dried, a black powder is obtained. Such a powder was 


placed into the cavity of an electron spin resonance apparatus and a high and 


narrow signal was obtained, showing 10!* spins per gram.{ The signal showed no 
hyperfine structure and had a g value of 2.001, close to that of a free electron. This 
indicates that a strong charge transfer has occurred from indole to iodine. <A 
similar black precipitate was obtained with skatole, indicating that the nitrogen 
atom was not involved in the reaction. Indole acetic acid and serotonin gave 
similar reactions. In these molecules the side chain does not appreciably alter the 
charge of the C atom at position 3 and 2. However, when the high negative formal 
charges of C2 and C3 were abolished by making these part of an additional con- 
jugation, as is the case in carbazole, no black complex was formed, although the 
NH remained free. This supports the assumption that the C atoms 3, or 2, (or 
both), were involved in the formation of the charge transfer complex. Free 
pyrrole has a pronounced negative charge on both these C atoms and gives a similar 
reaction as in indole.§ 


e 
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These reactions deserve attention because it seems possible that the described 
high electron-donating activity in indole plays a role in the reactions of proteins, 


"» 


since the C3 atom is conjugated by a hyperconjugated CH, to the peptide link, 
which may form through the H-bridges a continuous electronic system with the 
other peptide links of the same molecule. It may play a role also in the biological 


activity of indoleacetic acid and serotonin. 

The black indole-I, complex is, in all probability, in many ways analogous to 
the black iodine complexes formed by molecules with extensive conjugate systems, 
like perylene or violanthrene, which also give strong electron spin resonance sig- 
nals..7 This suggests that while extensive conjugated systems may tend to donate 
electrons to a local acceptor in any case, smaller and simpler molecules with con- 
jugated systems can do so only if they contain highly charged carbon atoms acting 
as “local donors.’’ Though “local” the donating atom may draw on the x pool of 
the molecule for the electrons to be donated. 


Note added in proof: An elementary analysis of the indole-iodine complex has been made by the 
Schwarzkopf Microanalytical Laboratory and showed 27 N atoms for 23 I, molecules suggesting 
that the complex contained one I, per indole. 

* This research was supported by a grant from the Commonwealth Fund, Grant No. H-2042(C3) 
of the National Heart Institute, a grant from the National Science Foundation, and Grant No. i 
from the Quartermaster Research & Engineering Command, U.S. Army (Natick). 

t Fujimori, E., unpublished work, see quotation 4, page 63. 

t The substance probably contained some moisture, due to the condensation of water vapor 
at the low temperature employed. 

§ Due to the volatility of pyrrole, it is advisable to allow an 0.1 M solution in chloroform, mixed 
with equal or double volumes of 0.1 4/7 I, in chloroform, to dry on filter paper instead of applying 
the two substances one by one. 
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THE FUNCTION OF RNA IN T2-INFECTED BACTERIA 


By Evuiot VoLKIN 


* 


BIOLOGY DIVISION, OAK RIDGE NATIONAL LABORATORY,” OAK RIDGE, TENNESSEE 


Communicated by Alexander Hollaender, August 26, 1960 


When Escherichia coli B are infected with virulent bacteriophages, no net syn- 
thesis of RNA can be demonstrated.'~* Nevertheless, an active metabolism of 
RNA has been shown to exist.°-* Employing either P*- or C'-labeled nucleic 
acid precursors, we determined® *: * that some of the host RNA is concomitantly 
synthesized and degraded (or utilized). This metabolic turnover of RNA is most 
extensive in the early stages after infection, exceeding the incorporation rate of 
isotope into DNA the first few minutes after infection."° Unlike the RNA in 
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uninfected /. coli B whose constituent nucleotides become equally labeled with 
isotopic precursors,'®: |! the RNA mononucleotides of the phage-infected cell 
become unequally labeled; the RNA labeling pattern is distinct for each type of 
infecting phage and simulates the composition of the particular phage DNA.*® *: ° 
Iixperiments involving a centrifugal separation of the host’s subcellular com- 
ponents reveal a marked heterogeneity in the labeling behavior of the RNA from 
different subcellular fractions.'? Recently, Nomura et al.'* using more refined 
methods of isolation of bacterial cell constituents, have succeeded in purifying to a 
great extent the RNA that is metabolically most active after T2 infection. These 
and other data!‘ are consistent with our proposal*: !? that the synthesis of a new 
and specific species of RNA, relatively small in amount with respect to the total 
host RNA, is induced by phage infection. 

Some evidence from other laboratories has also implicated an RNA involvement 
in phage production. Jeener has shown" that the ultraviolet induction of phage 
protein produced by a lysogenic strain of B. megatherium is prevented by treat- 
ment of the bacteria with RNase or the presence of various metabolic antagonists 
to RNA synthesis. The reversal by uracil of inhibition of T2 replication by 6-azaur- 
acil is interpreted by Pardee'*® to be a function of some early RNA synthesis. 

In seeking for a means to assess a biologic function for RNA in phage growth, 
we were guided by the observation that some synthesis of "NA unique to the 
phage-infected cell can occur during inhibition of protein synthesis; that is, by 
administration of chloramphenicol": or by deprivation of the necessary amino 
acid with an amino acid-requiring strain of bacteria.'"* Thus, with the use of 
certain amino acid-requiring mutants of coli B, RNA synthesis may proceed 
in the absence of protein (and DNA) synthesis. It appeared feasible to regulate 
either RNA or protein synthesis if a double mutant, requiring a nucleic acid pre- 
cursor as well as an amino acid for growth, was employed. The mutant B94, 
whose properties have been described by Gollob and Gots,'* requires both adenine 
and arginine for growth and has now been found to need these metabolites for 
T2 production. Although deoxyadenosine will not substitute for adenine in 


supporting phage growth, it is possible to preincubate the infected cells in the 


presence of adenine and thereby allow subsequent phage synthesis in an adenine- 
free medium containing deoxyadenosine and arginine. The data obtained lead 
us to the provisional conclusion that the synthesis of specific RNA(s) during the 
preincubation in adenine permits the ensuing yield of bacteriophage. 

Materials and Methods.—Chemicals: Adenine and deoxyadenosine were ob- 
tained from the California Corporation for Biochemical Research and were their 
chromatographically homogeneous grades, labeled CfP. L-(+)-arginine mono- 
hydrochloride was obtained from Eastman Kodak Company. These compounds 
were used without further purification and, unless otherwise stated, in a final 
concentration of 40 ug/ml. The analogue 6-azauracil, B grade, obtained from the 
California Corporation for Biochemical Research, was used in a final concentration 
of 250 ug/ml. A stock of chloramphenicol (Parke, Davis Company, Detroit, 
Michigan), in a concentration of 1 gm/100 ml in 50% alcohol, was maintained at 
refrigerated temperatures. P*? was obtained from the Oak Ridge National Labora- 
tory as orthophosphoric acid in dilute HCI and was neutralized with NaHCO; before 


use. 
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Biologic methods: Unless otherwise specified, the minimal medium used con- 
sisted of a glucose (0.4%)-salts mixture that is low in phosphorus and buffered 
at pH 8.0 with tris.6 The source and maintenance of the stocks of E. coli B, E. 
coli B94,¢ and T2r*, and the purification of the bacteriophage have been described 
20 A 1M phosphate buffer, pH 5.9, consisting of 9 parts of KH,PO, to 
one part of Na,HPO, was used in many experiments as an aid to maintaining the 
integrity of phage-infected cells, as described in the Results section. 

Biologic assays for free phage and infected bacteria were carried out according 


elsewhere. !! 


to standard procedures described by Adams.”! £. coli B in active logarithmic 


growth were used as plating bacteria and serial dilutions were always carried 


out with peptone broth.*? Chloroform was used for prematurely lysing infected 
bacteria and liberating intracellular phage. In general, 2-ml quantities of bac- 
terial suspension were shaken briefly with 0.1 ml CHCl; and allowed to stand 5 
min, after which the aqueous phase was assayed. Liquid cultures for bacterial 
growth or phage-infected cells were incubated at 37°C using rather vigorous aera- 
tion. Multiplicities of about 8 phage particles per bacterium were used. 

Chemical methods: The method of chemical fractionation for the recovery and 
quantitation of the nucleic acids has been described.* ?* In brief, the method 
consists in the removal of perchloric acid soluble and lipid materials, followed by 
the extraction of nucleic acids by hot 2. M NaCl. Ribonucleic acid was converted 
to mononucleotides by mild alkali (0.1 .M@, NaOH, 37°, 16-18 hr), and DNA was 
precipitated by the addition of perchloric acid (to 0.4 M); after these treatments, 
it is necessary to centrifuge the DNA at relatively high speeds, e.g., 20,000 * g 
for 20 min, for complete sedimentation. The RNA mononucleotides were separated 
by ion-exchange chromatography from Dowex-2 (either 2X or 8X), chloride form, 
using dilute concentrations of HCI (0.001 N to 0.007 N) as the eluent.24 Methods 
for measuring ultraviolet light absorption,’ phosphorus content, and_ radio- 
activity® have been adequately described. 

A procedure was developed for estimating the radioactivity of the proximal 
5'-phosphorus of the nucleotides in the free (acid soluble) nucleotide pool. It 
was discovered* that our preparations of snake venom diesterase, freed of 5-nu- 
cleotidase activity, contain a highly potent apyrase activity, whereby nucleoside 
di- and triphosphates are quickly and quantitatively converted to the 5’-mono- 
phosphates. The use of such an enzyme with radioactive nucleotides permits a 
rapid estimate of the radioactivities associated with the proximal 5’-phosphate, 
the putative precursor of nucleic acid phosphorus. <A cold 0.4 M HCI1O, extract 
(200 ml) was stirred for 30 min with 1 gm powdered Darco G-60, which had been 
previously washed with 2 N HCl and substantial quantities of water. The charcoal 
was filtered through a sintered glass funnel of medium porosity and washed with 
water, after which the nucleotide material was eluted with ammoniacal alcohol 
(15 ml cone. NH,OH in 50% aleohol). About 80% recovery of total nucleotides 
is obtained by this procedure. After evaporation of the eluent, the solids were 
resuspended in 10 ml of 0.05 N NH;-NH,Cl (pH 8.7). Snake venom diesterase 
was added and the solution incubated at 37°C until no further phosphorus was 
liberated as inorganic orthophosphate.” The material was then subjected to 
ion-exchange analysis, using Dowex-2 (8X, chloride form and chloride elution).*4 
Since the quantities of nucleotides were minimal in these experiments, it was 
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necessary to add a mixture of authentic 5’-nucleotides as carrier for identifying 
the position and relative purity of the radioactive nucleotides; the 5’-deoxynucleo- 
tides of cytosine, adenine and guanine and 5’-uridylic acid were used as markers 
for this purpose. This procedure, therefore, allows a valid measure of the relative 
total counts contained in each nucleotide and does not permit an estimate of specific 
activities. 

Results —Nutritional requirements for T2 production by B94: We wished to 
establish whether the double requirement for adenine and arginine was necessary 
not. only for growth of the bacterium but also for T2 production. It is known 
that some degradation of host DNA occurs after phage infection, and indeed host 
DNA is largely converted to phage DNA.* Since the host may contain deoxynu- 
cleoside phosphorylases, deoxynucleosidases, or nucleoside transdeoxyribosidases,”° 
it is conceivable that, by the combined action of DNA degradative enzymes with 
either of the latter enzymes, the phage-infected cell could supply the required 
adenine by way of its DNA. In this respect it was pertinent to determine whether 
the deoxynucleoside of adenine could substitute for the free base in the phage- 
infected cell. Log-phase bacteria were washed with minimal medium, resuspended 
in the various media given in Table 1 and followed with respect to growth and 


TABLE 1 
GrowtH AND T2 Propuction By B94 
Minimal Noninfected T2r *-infected 
medium plus (turbidity increase) (100 min, CHClilysate), T2/B* 

0 0.02 
Ade. 0 0.03 
Arg. 0 0.02 
dAdo. + Arg. 0 0.02 
Ade. + Arg. Pr 198 

(doubling time ~60 min) 


Bacteria were grown to a titer of about 4 X 108/mlin minimal medium fortified with adenine 
and arginine, then centrifuged, washed twice with minimal medium, resuspended and divided 
equally among the media shown in the table. The multiplicity of phage infection was 8 and no 
signific ant loss of infective centers occurred during the incubation period. 

* T2/B = Intracellular phage per infected bacterium. Yield values (T2/B) of 0.05 or less, 
reported throughout this paper, are of the same order of magnitude as the value for unadsorbed 
phage, and they are in all probability due to the latter, rather than intracellular phage 

The following abbreviations are used in all tables and figures Ade. = adenine, dAdo. 
deoxyadenosine, Arg. arginine. 


ability to support T2 synthesis. The results show that both adenine and arginine 
are required for T2 production in B94. It should be noted that the combination of 
deoxyadenosine plus arginine will neither support phage production nor bacterial 
growth. It thus appears that the mutant does not have a mechanism for con- 
verting the deoxynucleoside to adenine, or that such a mechanism is inoperative 


under these cultural conditions. 

P® incorporation into RNA and DNA: The synthesis of RNA and DNA 
phage-infected B94, cultured in minimal medium containing the various metabolites 
described above, was assessed by measuring their extent of incorporation of radio- 
active phosphorus. Washed cells were suspended in the different media, infected 
with T2r+, and given 5 ue/ml of P*® two min after infection. Samples were frac- 
tionated at 20 and 50 min after infection. The RNA values given in Table 2 
represent the acid soluble material after alkaline hydrolysis of the total nucleic 
acid, without further purification by ion-exchange chromatography. As a result, 
the RNA counts as well as those for DNA (HClO, precipitable after alkaline hy- 
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TABLE 2 
P82 INCORPORATION INTO RNA aANp DNA or T2-INFECTED B94 
Intracellular Activity at time 


Minimal T2 product (T2/B) 20 min 50 min 
medium plus at 75 min RNA DNA RNA 


cts/sec/260-my unit 
0.05 15 12 62 33 
Arg. 0.05 $2 8 44 18 
dAdo. + Arg. 0.05 62 23 90 44 
Ade. 0.05 196 44 118 &Y 
Ade. + Arg. 150 344 1,150 827 6,520 


drolysis) include some P* containing contaminants and tend to be slightly higher 
than the true values. It is clear, however, that P* incorporation into RNA is 
significantly greater only where adenine is present compared to the other three 
conditions where no intracellular phage is produced. The RNA labeling in the 
presence of adenine alone is about half that which takes place in the complete 
medium (adenine plus arginine) that permits phage synthesis, whereas DNA is 
only slightly labeled by comparison. The RNA synthesized during incubation 
in adenine does not undergo measurable turnover in this medium, inasmuch as no 
radioactivity is lost when P* is replaced with nonradioactive phosphate, a situa- 
tion similar to that existing in T2-infected EF. colt B inhibited by chloramphenicol. "7 

Phage production in deoxyadenosine plus arginine after preincubation in adenine: 
On the basis of these results, experiments were designed to test for biologic activity 
that might reside in the RNA accumulated during the incubation of the T2-in- 
fected cell in adenine alone. A biologic specificity inherent in the labeled RNA 
is indicated by the typical RNA mononucleotide specific activity ratios ob- 
tained.® * '! Thus, it seemed reasonable to suspect that such activity, if present, 
may be retained when the cells are deprived of the limiting RNA precursoral source 
(adenine) but permitted to synthesize protein and DNA by introducing arginine 
and deoxyadenosine. 

The mutant was grown in minimal medium fortified with arginine and adenine 
to a titer of about 2 X 10° cells/ml, washed twice with minimal medium, then 
suspended in minimal medium containing adenine but no arginine. After five 
min incubation, the bacteria were infected with T2r+ and incubation continued 
in this medium for one hour, during which time no intracellular phage was pro- 
duced. The infected bacteria were then centrifuged, washed twice with minimal 
medium, incubated in minimal medium for 10 min, and given arginine and de- 
oxyadenosine. It will be recalled that this medium containing deoxyadenosine 
and arginine, but not adenine, is incapable by itself of supporting T2 synthesis. 
Figure 1 (curve A) reveals that T2 production will now take place in the latter 
medium after preincubation in adenine. Under these conditions, the yields are 
limited to about 5-10 phage particles per infected bacterium, the full yield ex- 
pressing itself within about 35 min, although mass lysis has not occurred at this 
time. It can be seen, however, that the addition of adenine at time 32 min (curve 
B) results in a further increase in phage production, demonstrating that the cell’s 
potential for producing phage has not been damaged by these treatments. Curve 
C represents the normal rate of T2 production in medium complete with adenine 
and arginine, without having undergone preincubation in adenine alone. The 


vield of 5-10 phage particles per infected cell is not significantly altered by adding 
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T2 PRODUCTION AFTER ADENINE PREINCUBATION 








coe 


80 {20 
TIME (min) 


Fic. 1.—Curve A = Transferred: to medium containing 
deoxyadenosine plus arginine after preincubation in adenine. 
Curve B = Adenine added to A at 32 min. Curve C = Com- 
plete system (adenine plus arginine) without adenine preincuba- 
tion. For experimental details see text. 


to the deoxyadenosine: arginine either casamino acids (100 ug/ml) or a mixture of 
the other three deoxynucleosides (40 ug/ml each), or a combination of both. 

The limiting factor in phage yield, therefore, is not some nutritional requirement 
involved in protein or DNA synthesis but is some cell constituent requiring adenine 
as its precursor. That this constituent is not endogeneous, free adenine itself is 
strongly suggested by the fact that infected bacteria cultured in adenine alone, 
then washed twice, may be given an intermediate incubation in unfortified minimal 
medium for at least an hour, without significant loss in ability to produce phage 


when subsequently placed in medium containing deoxyadenosine and arginine. 
Preincubation of infected bacteria in minimal medium, in medium containing 
deoxyadenosine alone, or in medium fortified with arginine alone will not support 
a later synthesis of intracellular phage in culture containing deoxyadenosine 
plus arginine, although no significant loss of infected bacteria occurs during these 


manipulations. 

It is known that the synthesis of some protein early after infection is necessary 
to T2 DNA synthesis®~* and, consequently, for the formation of T2 progeny. 
The substrates utilized for T2 DNA synthesis are bacterial DNA as well as me- 
tabolites assimilated from the medium,” the latter representing a major precursoral 
source during the state of lysis inhibition with the r+ phages. It was of interest, 
therefore, to examine the order of events with respect to protein and DNA syn- 
theses required to yield viable phage progeny after infected cells had undergone 
a preincubation in adenine alone. Thus it might have been anticipated that such 
cells given arginine only would produce nearly a full complement of intracellular 
viral progeny, since the host DNA can serve as a T2 DNA source. On the other 
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hand, preincubated bacteria subsequently fed only deoxyadenosine would be un- 
productive, since protein synthesis would remain precluded. 

After a 60-min incubation of T2-infected B94 in adenine alone, the washed cells 
were placed in minimal medium containing either deoxyadenosine alone or arginine 
alone. Intracellular phage production was assayed during an hour’s incubation, 
then the bacteria were washed and placed in media fortified with the converse 
metabolite (i.e., arginine and deoxyadenosine, respectively), and intracellular 
phage again measured during the course of an additional hour’s incubation (Fig. 2). 


T2 PRODUCTION UPON SUCCESSIVE ADDITION OF DEOXYADENOSINE AND 


144 ARGININE ( PREINCUBATION IN ADENINE ONLY ) 


ts 


o 





a a 


Bes _} 
fe) 








9: ? 
40 60 
TIME (min) 


Fic. 2.—Infected bacteria were incubated for 60 min in minimal medium containing 


adenine only, during which time no intracellular phage was produced (not shown on the 
figure). The bacteria were then washed free of adenine and A = transferred to deoxy- 
adenosine only for 60 min, then to arginine only for 60 min; B = transferred to arginine 
only for 60 min, then to deoxyadenosine only for 60 min; C = transferred to medium 
containing deoxyadenosine plus arginine. 


Curve A of the figure demonstrates that deoxyadenosine alone, after adenine cul- 
ture, will not support T2 formation, illustrating the need for some protein syn- 
thesis. Arginine alone, after adenine incubation, supports a limited extent of 
phage synthesis (curve B, first 60 min). It is noteworthy that the limited ability 
of arginine to support phage production is maintained after an hour’s culturing in 
deoxyadenosine and removal of the deoxynucleoside (curve A, second 60 min). 
The latter result is likewise not in accord with the idea that a residual pool of free 
adenine is responsible for phage production. In view of the infected cells’ ability 
to convert host DNA to phage DNA, it is not only surprising that the yield in 
arginine alone is so low (about 1 T2/bacterium), but even more remarkable is the 
fact that having removed the arginine, a large increase in phage yield (to about 
6 T2/bacterium) occurs by feeding deoxyadenosine alone (curve B, second 60 min). 
This latter value is about half that obtained when the deoxynucleoside and ar- 
ginine are present together (curve C). Thus it appears that the synthesis of some 
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T2 precursor protein occurs during the arginine incubation that can be utilized 


at a later time when DNA synthesis is more fully realized. 

These data are interpreted as indicating the following sequence of events in 
the synthesis of T2 bacteriophage. There is a primary necessity for the synthesis 
of RNA (or possibly some other adenine-containing component, other than DNA); 
protein synthesis must follow for phage production, but for full phage productivity 
an exogenous source of DNA precursoral material must be present. 

Effect of phosphate and pH lowering on the stability of infected cells: We have 
been able to increase the yield of bacteriophage after adenine preincubation by a 
change in the composition of the medium. Our minimal medium is low in phos- 
phate, being buffered with tris at pH 8.0. If labeled, infected cells are centri- 
fuged and washed with this medium, although there is only a small loss in cell 
count and total RNA, there is considerable loss (about 50%) of labeled RNA, 
indicating that the newly synthesized RNA preferentially moves out of the bac- 
teria during these operations. This can be prevented by adding phosphate buffer 
before centrifuging both to increase the phosphate concentration and lower the pH. 
One fifteenth volume of 1 M phosphate buffer at pH 5.9 is added before centrifu- 
gation bringing the final pH to 6.4-6.5. The centrifuged cells, washed and re- 
suspended in this phosphate medium, retain most of the labeled RNA, and phage 
yields are increased about threefold, as shown in Table 3. Phage yields now average 


TABLE 3 
EFFECT OF PHOSPHATE BUFFER ON T2 YIELD 


Initial medium T2/B T2/B 
(60 min incubation) at 60 min Medium after transfer at 60 min 


Minimal (pH 8) + Ade. 0.02 Minimal (pH 8) + dAdo. + Arg. 7.4 
Minimal (pH 8) + Ade. 0.02 Min:P + dAdo. + Arg. 28.7 
Minimal (pH 8) + Ade. 0.02 Min:P + Ade. + Arg. 110 

Min:P* + Ade. 0.02 Min:P + dAdo. + Arg. 26.6 


Min:P* = Minimal medium containing 0.067 M phosphate buffer. The pH of the medium is 6.4. 


20-30 intracellular particles per bacterium in the deoxyadenosine: arginine medium 
after adenine preincubations of an hour or more. The rest of the experiments to be 
reported were carried out with this technique. 

Increased yield in complete medium: A consequence of forming some necessary 
intracellular constituent, presumably RNA, during incubation of adenine would 
be cells primed to replicate phage progeny, when placed in complete medium, 
at a rate faster than those in complete medium but not having undergone such 
preincubation in adenine. That such is indeed the case is shown in Table 4. 
In this experiment, one sample of bacteria, grown in medium containing adenine 


TABLE 4 
INCREASED YIELD OF T2 IN CoMPLETE MEDIUM AFTER PREINCUBATION IN ADENINE MEpIUM 
T2/B* 
Minutes in Control Experimental 
complete medium (no preincubation) after 75’ adenine incubation) 
10 0.1 0.6 
20 2 25 
30 37 64 
40) 66 106 
60 136 153 
120 269 306 


* The number of infected bacteria (1.90 « 108/ml) was the same in both samples. 
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and arginine, was directly infected with T2r+ and intracellular phage was assayed 
at regular intervals. A parallel bacterial sample was washed twice with minimal 
medium, infected in the presence of adenine only, allowed to incubate 75 min 
(during which time no intracellular phage was detectable), then given arginine 
and intracellular phage measured during the same time intervals. It can be seen 
that the yield at 20 min in the latter culture is 25 compared to two in the control 
culture. It can also be seen that an increased yield of some 20-30 phage particles 


per bacterium at all times after 20 min is maintained by the culture that received 


the preincubation in adenine. This increment is the same order of magnitude as 
the total phage yield obtained when cells are subsequently given deoxyadenosine : 
arginine instead. Under the latter conditions, however, the maximum yield is 
obtained in 30 to 35 min incubation. 

Correlation between RNA _ synthesis and phage production: ‘To explore further 
whether a real relationship exists between RNA synthesis and subsequent phage 
production, we designed an experiment to test for a possible quantitative correla- 
tion between the extent of RNA synthesized during incubation in adenine and the 
corresponding extent of phage production upon placing the cells in medium con- 
taining deoxyadenosine:arginine. Washed cells were suspended in medium con- 
taining adenine alone, infected with T2r*+, one min later given P*O,, then at various 
intervals after incubation in adenine centrifuged and washed again. One aliquot 
of the resuspended cells was used for determining the amount of incorporation of 
radioactive phosphorus into RNA and DNA; another aliquot was used for meas- 
uring the maximum yield of intracellular phage produced on further incubation in 
deoxyadenosine:arginine. Figure 3 shows the data from two such experiments, 
where it may be observed that the curve for RNA synthesis in adenine is in reason- 
ably good fit with the curve for ultimate phage yield while the curve for P*® in- 
corporation into DNA is distinctively dissimilar. 

RNA specificity: Uf uninfected B94 cells are incubated in adenine alone over 
a comparable period of time, then placed in deoxyadenosine:arginine and im- 
mediately infected with T2r*, no intracellular phage are produced. This indi- 
cates that some specific component, necessary for subsequent phage production, 
is produced only in the phage-infected bacteria during the adenine preincubation. 

Isotope studies were carried out in order to distinguish which unique adenine- 
containing component (RNA, DNA or free nucleotides) might be formed only in 
bacteria infected by phage. Equal aliquots of washed bacteria were suspended 
in minimal media containing adenine alone. In one case, the bacteria were in- 
fected with T2r+ and given P*#O, within a minute after infection; P*?O, was 
added to the other sample, in which no phage was present, at the same time. Sam- 
ples were removed at three time intervals after isotope addition and analyzed for 
total radioactivity in DNA and RNA, as well as for radioactivities associated with 
the individual mononucleotides of the RNA. In addition, the nucleotide material 
in the acid-soluble fraction was recovered, totally converted to mononucleotides 
and chromatographed to estimate the relative total radioactivity in the four major 
5’-mononucleotides (see Materials and Methods, section on Chemical methods). 
Table 5 shows that at all times during incubation in adenine alone the extent of 
P*® incorporation into RNA and the proximal phosphorus of the free nucleotide 
pool is practically the same, and DNA somewhat higher at the earlier times for 
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CORRELATION OF T2 YIELD WITH RNA SYNTHESIS AS A 
FUNCTION OF PREINCUBATION TIME IN ADENINE 
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Fic. 3.—The scale representing total radioactivity (right hand ordinate) 
was arbitrarily chosen so that these values could be more easily compared with 
the values for intracellular phage (left hand ordinate). The points for T2/B 
correspond to the maximum phage yield obtained after transfer to arginine: 
deoxyadenosine, incubating 60 min and lysing with chloroform. The open 
and closed symbols represent points from two independent experiments. 











TABLE 5 
P32 INCORPORATION DURING INCUBATION IN ADENINE 
Total activity in acid-soluble Total activity in DNA, 
Total activity in RNA, cts/sec nucleotide proximal P, cts/sec cts/sec 
Uninfected T2-infected Uninfected T2-infected Uninfected T2-infected 
10,000 10,800 9,800 11,000 2,300 420 
16,600 16,300 15, 100 15,700 3,700 2,030 
27 , 300 27 , 300 20, 100 22, 200 7,020 7,150 


TABLE 6 
Ratios or Torat P32 1n PrRoxiMat P or Actp-SOLUBLE NUCLEOTIDES 


Uninfected T2-infected 
45’ 5’ 


Nucleotide 20’ 85’ 
Cytidylic acid 1.0 1.0 1.0 
Adenylic acid 2.9 3.6 3.0 
Uridylie acid 9.2 7.9 10.1 
Guanylic acid e.3 $.6 1.7 

uninfected bacteria relative to T2-infected bacteria. Likewise, Table 6 reveals 
that there are no regular or large differences in the relative labeling pattern of 
the innermost phosphorus of the free nucleotides at any time with respect to 
uninfected and T2-infected bacteria. It is clear, however, that there are large 
differences in radioactivity among the four nucleotides in both cases, where uridylic 
acid is generally considerably higher, cytidylic acid considerably lower, than the 
two purine nucleotides. 

Thus, although the extent of the free nucleotide pool and the RNA formation 
in uninfected cells is similar to the T2-infected cells during incubation in adenine, 
the uninfected bacteria are incapable of producing phage when given arginine: 
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deoxyadenosine and infected with T2. The one outstanding difference detected 
between the two kinds of cells is the mode of labeling of the constituent mono- 
nucleotides of the RNA’s during incubation in adenine. Table 7 demonstrates 


TABLE 7 


RNA MoNoONUCLEOTIDE Speciric Activiry Ratios 
(INCUBATION IN ADENINE) 


Uninfected T2-infected 
Nucleotide 20’ 15’ 85’ 20’ 15’ 


Cytidylic acid 1.00 1.00 1.00 1.00 l 

Adenylic acid 0.97 0.95 0.89 1.60 | 

Uridyliec acid ee 0.93 0.88 1.66 1.4: 

Guanylie acid 0.94 0.91 0.97 1.00 0.86 0.83 


that while in the uninfected B94 all RNA mononucleotides are approximately equal 
in specific activities, in the T2-infected cells the specific activities of adenylie and 
uridylic acids exceed those of the other two nucleotides. The specific activity 
ratios, especially at early incubation times, resemble the composition ratio of the 
analogous deoxynucleotides contained in T2 DNA; this result is in accord with 
previous data obtained with the RNA of T2-infected EF. coli B in our laboratory,®: * ° 
as well as others.'* '4 The results suggest that RNA of a specific structure is 
synthesized during the phase of incubation when protein synthesis is inhibited 
(adenine alone), and this RNA ean exhibit some biologic function necessary for 
phage production when conditions allow protein and DNA synthesis but no further 
RNA formation (deoxyadenosine: arginine, but no adenine). 

Chloramphenicol experiments: It may be surmised that during adenine incu- 
bation, in spite of the absence of arginine, there may remain a low level of protein 
synthesis that may account for the observed RNA synthesis. That protein syn- 
thesis itself may indeed be responsible for later phage formation in medium con- 
taining deoxyadenosine: arginine is ruled out by the negative response following 
arginine preincubation. In order to more fully inhibit protein synthesis, chlor- 
amphenicol (25 wg/ml) was added to the infected bacteria cultured in adenine 
alone, then the bacteria tested for intracellular phage productivity in both com- 
plete medium (adenine:arginine) and in deoxyadenosine:arginine. The results of 
these experiments reveal that, although there is some time delay in phage synthesis 
in both media, the ultimate phage yields are quite similar to those generally ob- 
tained without the addition of chloramphenicol to the adenine culture. If protein 
synthesis takes place during the adenine preincubation, then it is of a type that 
escapes the combined inhibitory actions of chloramphenicol inhibition and arginine 
deprivation. 

6-azauracil experiments: In conformation with the results of Pardee and Pres- 
tidge,'® we have found that 6-azauracil completely inhibits T2-bacteriophage for- 
mation in B94 cultured in adenine plus arginine. A further test of 6-azauracil was 
made in the B94 system by first preincubating T2-infected cells in adenine alone 
for 60 min, then adding the analogue to the subsequent culture media containing 
either arginine plus deoxyadenosine or arginine plus adenine. The infected bacteria 
cultured in arginine:deoxyadenosine containing 6-azauracil produced the same 


vield of phage (T2/B = 15 to 20) as those bacteria incubated in arginine: deoxy- 
adenosine without 6-azauracil. This result is in accord with the concept that a 
functional pool of RNA is synthesized during the adenine preincubation and can 
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act in the presence of an inhibitor to further RNA synthesis. Bacteria subse- 
quently cultured in complete medium (adenine plus arginine) containing 6-azaura- 
cil again produced only 15-20 phages per infected cell, instead of the normal yield 
of around 200, indicating that the 6-azauracil effectively inhibits further RNA 
synthesis in complete medium, although the RNA which was preformed in the 
adenine medium remains productive. 

Discussion.—It is our hypothesis that a specific RNA accumulates under cul- 
tural conditions that inhibit protein synthesis, and that such RNA is required for 
ultimate intracellular phage production. The question arises whether some 
compound or property other than RNA is responsible for this acquired character- 
istic that permits T2 production under conditions that ordinarily will not support 
phage synthesis. Although none of the other possibilities has been completely 
excluded, examination of the data tends to negate their assignment as the causative 
factor in this phenomenon. The possibility that endogenous adenine is the respon- 
sible agent is largely eliminated by those experiments with prolonged intermediate 
incubation in minimal medium, or medium containing deoxyadenosine alone. The 
subsequent response in medium containing arginine:deoxyadenosine was not 
altered. Likewise, incubation of uninfected B94 in adenine alone, which may be 
expected to accumulate endogenous adenine to approximately the same extent as 
T2 infected bacteria, does not create conditions that will elicit phage synthesis in 
the deoxyadenosine:arginine medium. These same arguments may be used 
(although with less assurance) to rule out some free nucleotide, or other low mo- 
lecular weight compound, as the responsible factor. 

Another possible source of adenine, or adenine derivatives, could arise from 
the breakdown of accumulated RNA when the cells are placed in the medium con- 
taining arginine and deoxyadenosine. The formation of labile RNA has been de- 
scribed by Neidhardt and Gros** upon chloramphenicol inhibition of FE. coli B. 
It will be recalled, however, that uninfected B94, cultured in medium containing 
adenine alone, does not have the capacity to allow subsequent phage formation in 
arginine: deoxyadenosine medium, in spite of the fact that RNA labeling in pre- 
incubated cells attains the same level as in their T2-infected counterparts (Table 5). 
It is also unlikely that the RNA accumulated in phage-infected B94 functions by 
serving as an obligatory precursor for T2 DNA, inasmuch as the maximum syn- 
thesis of RNA represents only five to six T2 nucleic acid equivalents, but subse- 
quent T2 yields in deoxyadenosine: arginine are around 20 (Table 3 and Fig. 3). 

Adenine might be obtained from deoxyadenosine as a result of the induction 
of a deoxynucleoside phosphorylase (or deoxynucleosidase) created by preincubation 
in adenine. In order for this to be compatible with the data, it must be assumed 
that such enzyme activity is induced by adenine preincubation of only the phage 
infected cells, since preincubated, uninfected B94 do not respond in deoxyadenosine : 
arginine. It is difficult to reconcile this mechanism with the observation th t T2 
production reaches a limit after about 30 min incubation in deoxyadenosine:ar- 
ginine, since the deoxyriboside is available in the medium in large excess (40 ug/ml). 


Experiments using labeled deoxyadenosine are now under way in our laboratory 


to test this possibility, however. 
DNA synthesis, as measured by P* incorporation, appears to be quite limited 
during the incubation in adenine (Table 2), and the manner in which P* is incor- 
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porated into DNA does not seem to bear any relationship to the final phage yield 


(Fig. 3). No inerease in hydroxymethyleytosine is observable during the preincu- 
bation of T2-infected cells in adenine alone. 

A distinct characteristic of these experiments is the fact that after adenine pre- 
incubation, the yield of phage in deoxyadenosine:arginine medium is limited, 
reaching a maximum after about 30 to 35 min incubation in the latter medium. 
Whatever functional role is assigned to RNA in phage formation, therefore, must 
account for the fact that the activity of this RNA becomes rather quickly exhausted ; 
with this organism, it can be restored by the addition of adenine (Fig. 1). These 
observations are not easily reconcilable with a mechanism of RNA function based 
on a simple template or carrier action. It is tempting to speculate that what we 
are observing is the formation of a specific RNA that is responsible for the forma- 
tion of specific proteins-phage protein itself or newly induced enzymes.*4~* It 
seems unlikely that the RNA would be required exclusively for the formation of 
enzyme protein, since such enzymes would not be expected to lose activity so 
abruptly 35 min after their formation. On the other hand, a certain amount of 
RNA may be associated with the synthesis of a limited quantity of phage protein, 
but during the synthesis of the protein the RNA is rendered nonfunctional. Such 
an interpretation would account for the limited phage production after removal of 
adenine, and upon presenting the metabolites required for protein and DNA syn- 
theses. It may be noted that after the consecutive removal of adenine, then arginine, 
there appears to have been present a reserve of phage protein that could be later 
utilized upon addition of deoxyadenosine (Fig. 2, curve B). 

Summary.—The E£. coli mutant B94 requires adenine and arginine both for 
growth and ability to produce T2 bacteriophage. While the mutant does not 
synthesize phage in medium in which deoxyadenosine is substituted for adenine, 
it can do so if the infected cells are first incubated in medium containing adenine 
only. The ultimate yield of bacteriophage is reasonably correlated with the extent 
of synthesis of a specifically labeled RNA that accumulates during incubation of 
infected cells in the medium containing adenine alone. Uninfected B94, cultured 
in adenine medium, incorporates a similar level of radioactivity into the free nu- 
cleotide pool, DNA and RNA (labeled in a characteristically different manner from 
the RNA of comparably T2-infected B94): these cells, however, are unable to 
produce phage in medium containing deoxyadenosine:arginine. A tentative con- 
clusion from these data is that the synthesis of a specific RNA is required for intra- 
cellular bacteriophage production, before phage protein and DNA synthesis can pro- 
ceed, 

* Operated by Union Carbide Corporation for the U. 8. Atomic Energy Commission. 

t A slant of B94 was generously supplied by Dr. Joseph Gots of the University of Pennsylvania 
School of Medicine. 
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The complete amino acid sequences (primary structure) of hemoglobins can, 
in principle, be determined by methods currently available. Although detailed 
studies of the primary structure of human and horse hemoglobins are in progress 
in several laboratories,' the methods are so laborious that complete sequences have 
not yet been established. Important questions in the realm of genetics and evolu- 
tion require the immediate examination of the structure, primary and other, of 
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many different hemoglobins. The application of methods that are quicker, though 
less informative and reliable, than the techniques required for complete sequence 
determination is therefore in order as a provisional means of securing useful infor- 
mation. Such a method is the analysis of peptide patterns obtained by combined 
paper electrophoresis and chromatography of tryptic hydrolysates of denatured 
hemoglobin.?. Of particular interest are comparisons between hemoglobin com- 
ponents present in (a) organisms of one animal species at a given time in develop- 
ment, (b) organisms of one species at different stages of development, and (c) 
organisms of different species. The present paper is concerned exclusively with the 
last type of comparison. In order to scan the range of variation of hemoglobin 
structure throughout evolution, hemoglobins from a number of animals both closely 
and distantly related to man have been selected and compared as to tryptic peptide 
patterns with human hemoglobin A. Whole hemoglobin preparations from adult 
animals have been studied throughout. The problem of individual heterogeneity 
will be treated elsewhere. 

Materials and Methods.—Ape bloods** were anticoagulated and transported in 
Alsever’s solution. The apes studied included two lowland gorillas (Gorilla gorilla), 
two chimpanzees (Pan troglodytes), and three orangutans (Pongo pygmaeus). 
Erythrocytes from Rhesus monkeys (Macaca mulatta) were obtained from clotted 
blood.*” Heparinized porcine and bovine bloods were secured during bleedings at 
Los Angeles slaughter houses. Heparinized bloods were obtained from the marine 
lungfish, Pimelometopon pulcher (sheepshead), and from the cartilaginous fish 
Cephaloscyllium uter (swell shark).*° Blood was also obtained from a live specimen 
of Lepidosiren paradoxa (Dipneust, South American fresh water lungfish).*: 4 
Contamination of the latter blood by tissue fluid was unavoidable. Blood of the 
Pacific hagfish, Polistotrema stout, was also examined.* Coelomic cells (hemoglobin 
cells) were obtained from Urechis caupo (Echiurid marine ‘‘worm’’)> collected at 
low tide from mud flats near the Kerckhoff Marine Laboratory at Corona del Mar, 
California. * 

In general, the hemoglobin preparations examined were from single individuals. 
However, in the case of Urechis single as well as pooled samples of coelomic cells 
were used without apparent differences. Only a pooled sample of blood from 
twelve hagfish was examined. All of the animals studied were judged to be adults 
either from their size or their known age. The youngest apes were one orangutan 
2 years old and one gorilla 2 years old. Peptide patterns of their hemoglobins 
were indistinguishable from those of older individuals of the same species. The 
Lepidosiren, 14 inches long, was at a minimum 8 months of age, and might be con- 
sidered a subadult. 

The erythrocytes were washed four times with cold 0.9% NaCl with the ex- 
ception of Pimelometopon and Cephaloscyllium cells, which were washed with 1.2% 
NaCl.6 The red cells from hagfish were washed with chilled 3% NaCl and the 
coelomic cells of Urechis with 3.2% NaCl. Washing with 0.9% NaCl led to con- 
siderable hemolysis in the case of the fresh water fish Dipneust. 

The washed cells were hemolyzed in a standard fashion with distilled water and 
toluene’ with the exception of Urechis, where ether was used instead of toluene. 
The washed red cells of hagfish were stored for one day at 4°C before lysing. A 
major portion of the hemoglobin obtained was insoluble possibly due to acidifica- 
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tion during storage. The peptide pattern shown below was obtained from the 
remaining soluble fraction. After lysis, each sample was centrifuged at high speeds 
in order to remove solid debris and the toluene phase. The resulting hemoglobin 
solutions were saturated with carbon monoxide and dialyzed for a week against 
distilled water saturated with carbon monoxide (three changes of water with the 
ratio of hemoglobin solution to water of the order of 1:100). This prolonged dialy- 
sis was employed to permit the flocculation of non-hemoglobin proteins.* A crystal 
of thymol was added to one Urechis preparation in order to eliminate the possibility 
of the formation of peptides by bacterial contamination. No differences were 
found in the peptide patterns obtained with and without thymol. 

With species closely related to man the hemoglobin concentration in the final 
preparation could be assayed approximately by the use of spectrophotometric 
constants established for human hemoglobins. In other species the quantities of 
material to be used on peptide patterns were estimated roughly from the consump- 
tion of sodium hydroxide during tryptic digestion. 

Hydrolysis with trypsin of heat-denatured hemoglobin preparations was per- 
formed at constant pH using a Radiometer automatic titrator as a pH-stat. The 
hydrolyses were carried out at 40°C at pH 8.0 in the presence of Ca ion (0.01 M) 
with an enzyme to hemoglobin ratio of between 1 and 2% by weight (Worthington 
twice crystallized trypsin). Ninety minutes was allowed for the hydrolysis except 
in the case of the apes, where the digestion was stopped after sixty minutes. 

Those tryptic peptides which are soluble at pH 6.5 were analyzed by a combina- 
tion of electrophoresis and chromatography on paper. These peptide patterns 
were obtained essentially as specified by Ingram? except that the voltage rate was 
900—1,000 V for a duration of 3'/, hours. In general, a human control sample 
was run as a pair mate with every animal hemoglobin in order to have a reference 
pattern for each unknown. Even with such parallel determinations, the spreading 
occurring during electrophoresis was not always identical. The polarity of the 
electrophoretic field is marked on each pattern and the point of application of the 
sample is designated by a cross (+). The peptide spots resulting from tryptic 
hydrolysis of human hemoglobin have been assigned arbitrary numbers by Ingram.’ 
This convention has been employed in the present study. The neutral band region 
is comprised of peptide spots 1 through 7. These peptides do not migrate to any 
extent in the electric field, but do move some from the point of application due to 
fluid movement. Phenylalanine and lysine have been added as reference spots at 
least on one pattern in the case of every species. Chromatography was ascending 
in direction and the peptides were detected mainly by their reaction with ninhydrin. 
The Sakaguchi’ test for arginine and the cinnamaldehyde’® reaction for trypophan 
were alsoemployed. Patterns from each species were obtained at least in triplicate. 

Results.—F igure 1 is a peptide pattern of human hemoglobin A as currently 
obtained in our laboratories. A diagram indicating the peptide spot numbering 
system is also included. 


Figure 2 shows peptide patterns from three different apes (gorilla, chimpanzee, 


and orangutan) and one monkey (Rhesus). The gorilla, chimpanzee, and human 
patterns are almost identical in appearance. In the case of the gorilla peptide 
patterns, spot numbers 12 and 24 both appear to be double. In humans the pep- 
tides that make up these two spots are from the beta chain. No difference was 
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Fic. 1.—A tryptic peptide pattern of adult human hemoglobin and its schematic representation. 
The spots are numbered according to the convention introduced by Ingram.? The site of spot 26 
is shown on the diagram, although not seen on the pattern represented. The locations of four 
hitherto undescribed spots usually found on patterns obtained in our laboratories are indicated. 
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PRIMATE HEMOGLOBINS 
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Fic. 2.—Tryptic peptide patterns of primate hemoglobins. The circled spot on the Rhesus 
monkey pattern represents phenylalanine added two and a half inches to the anodal side of the 
point of application of the peptide mixture. 


observed between two gorillas, one male and one female. Spots 12 and 24 also 
seem to be double in the peptide patterns of chimpanzee. In addition, extra 
material may be present in the 15-16 region. In humans at least four major 
peptides are present in this regior.' Two chimpanzees, both females, were found 
to have identical patterns. Of course further differences between these two types 


of apes and humans may be discovered upon the analysis of the individual pep- 
tides or the study of the protein residue which remains insoluble after hydrolysis 


with trypsin. 

The difference from human patterns is somewhat greater for orangutan peptide 
patterns than for the patterns of the two apes just mentioned. In two orangutans 
(one male and one female) spots 12 and 24 are double. The third orangutan 
(female), whose pattern is illustrated in Figure 2, was observed to have single 12 
and 24 spots. Further differences between the patterns of the individual orangu- 
tans are not apparent; however, each differs from human patterns by an apparent 
increase in peptides in the 15-16 region. The orangutans also differ from humans 
and the other two apes studied by the appearance of two new spots, one anodal to 
spot 20 and the other cathodal and below spot 10. The latter does not appear 
to be the same as spot 9 of human. All of the spots containing arginine and trypto- 
phan are the same as in human. 

Spot 12 is absent in the peptide patterns of Rhesus monkey hemoglobin. A 
new spot, possibly representing a modification of the peptide of spot 12, is present 
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just below the 12 region. The new spot, like 12 from human, contains tryptophan. 
In another individual Rhesus monkey, whose pattern is not presented, spot 12 
and the new spot are both present simultaneously. Patterns of both monkeys also 
reveal another spot on the cathodal side of the 2, 3, and 4 region. Spot 7 is absent 
or modified (almost fused with 6). Other differences may be present in the neutral 
band region, which is poorly resolved. 

The human spot 26, which contains arginine and is derived from the beta chain, 
is not always seen because of poor color production with ninhydrin. The exist- 
ence of this spot can, however, be ascertained by the Sakaguchi test for arginine. 
The primate patterns presented do not show spot 26, either because it did not react 
with ninhydrin or because it migrated off the paper during electrophoresis. By 
undimensional electrophoresis and the application of the Sakaguchi test the presence 
of arginine in the zone corresponding to human peptide 26 has been ascertained in 
all the primates examined. 


Cow Pig 


Fic. 3.—Tryptie peptide patterns of bovine and porcine hemoglobins. 


Tryptic peptide patterns of bovine and porcine hemoglobins are presented in 
Figure 3. Cow and pig belong to the same order. In many respects these patterns 
appear similar to human patterns. However, the differences are numerous and 
striking. 

In bovine and porcine hemoglobin, sequence val-leu has been found to be N-ter- 
minal in one of the polypeptide chains.” Both hemoglobins therefore contain 
alpha chains, according to the terminology introduced by Rhinesmith, Schroeder, 
and Martin.'' However, the cow alpha chain is different in several respects from 
the human alpha chain. Although the chains have not yet been separated, the 
peptide patterns indicate that the alpha chain peptides 5, 10, and 17 are absent from 
bovine patterns, while the alpha chain peptides 12, 13, 18 and an alpha component 
of spot 16, detected by a positive Sakaguchi test, are present.':'? Although the 
second chain by definition is not a beta chain," '' the human beta chain spots 
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12 and 19 are seen clearly. The human pure beta spots 2, 4, 14 (as ascertained by a 
negative reaction with cinnamaldehyde) and 25 are absent. 

The porcine alpha chain may be somewhat more similar to the human alpha 
chain since the alpha spots 10, 13, and 18 are seen, and the presence of the alpha 
spots 11, 17, and 23 is suspected. The presence of an alpha-component in the 
composite spot 15 is likely because of a positive cinnamaldehyde test, and the 
presence of an alpha-component in the composite spot 16 is indicated by a posi- 
tive Sakaguchi test. The alpha spot 5 is absent. Among the beta spots, 14 (cin- 
namaldehyde positive), 26 (Sakaguchi positive), 4, 19, 24, and possibly 25 are 
present; while 12 is absent. Like bovine hemoglobin, porcine hemoglobin does 
not contain beta chains; however, there are a number of tryptic peptides similar 
to those from the human beta chain observed. 

The composite human spots 13-14, 15-16, 20 and 21 as well as the lysine spot 22 
(arising from both @ and 8 chains') are seen in pig as well as in cow. Thus the 
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Fic. 4.—Tryptic peptide patterns of “fish’’ hemoglobins. The circled 
spot on the shark pattern represents phenylalanine added two and a half 
inches to the anodal side of the point of application of the peptide 
mixture. 


apparent similarities between bovine and human patterns are in many respects the 
same as those noted between porcine and human; however, the differences are not 
the same. From three independent pattern studies of the same bovine sample it 
appears that many of the new spots are slightly on the anodal side of the neutral 
band region, whereas in porcine patterns most of the new spots are on the cathodal 
side. Arginine is present in at least two of the new porcine peptides, one neutral 
and one acidic. 
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Spot 12, as stated, and as confirmed by cinnamaldehyde tests, is absent from 
pig, but present in the cow. The decapeptide' that accounts for this spot in humans 
may have undergone independent alteration (mutation?) at different times. 
In pig, a novel tryptophan peptide is found in the upper neutral region. It may 
correspond to an altered peptide No. 12. 

The three fish from which peptide patterns have been obtained (Fig. 4) belong 
to entirely different groups which modern systematicians do not unite under 
the heading of a single class. None of the three patterns is similar to the patterns 
of human hemoglobin. In the bony fish (Pimelometopon), spot 22 is present as 
are spots 18 and 19, which in humans are dipeptides.' Possibly spots 24 and 25 
and some material in the regions of 4 and 15 are common to human and Pimelo- 
metopon. The remaining spots appear to be different from human. Three spots 
containing tryptophan are seen with no analogy in human hemoglobin. One other 
spot at the base of the neutral band resembles a similarly located spot on pig pat- 
terns in that it gives a blue rather than purple color with ninhydrin and a positive 
Sakaguchi test. In the shark (Cephaloscyllium), spot 22 is again present as are 
probably spots 4,5, and 7. A spot is present in the region of peptide 12, but differs 
from spot 12 as shown by the absence of tryptophan. Spots 18 and 19 are absent as 
well as spots 20 and 21. Four peptides containing tryptophan are seen with no 
analogy in human or in Pime!lometopon. 

In the case of the peptide patterns of lungfish (Lepidosiren) hemoglobin, spot 
22, (lysine, identified by position and shade of color) is present. Spots 19 and 23 
may also be present. The absence of spots 20 and 21 appears to be characteristic 
of all three types of fish. Three Sakaguchi-positive peptides are seen in the middle 

“and upper neutral band region and one cinnamaldehyde positive peptide adjacent 
to the lower part of the neutral band. None of these are present inhuman. Among 
the vertebrates examined, Lepidosiren hemoglobin may be the one with the least 
number of primary structural traits in common with human hemoglobin. 

There may be some peptides in common between Cephaloscyllium and Pimelo- 
metopon, notably one Sakaguchi-positive spot in the upper neutral band and some 
between Cephaloscyllium and Lepidosiren. Pimelometopon and Lepidosiren appear 
to have only one ninhydrin spot in common beyond the lysine spot, No. 2”. 

The Cyclostomes are the most primitive group of living vertebrates, although 
they are very specialized. The molecular weight of those Cyclostome hemoglobins 
that have been studied is reported to be one quarter'*: '4 of the molecular weight 
of other vertebrate hemoglobins. Therefore it might be presumed that these 
Cyclostome hemoglobins are composed of single polypeptide chains. Because direct 
estimates of the molecular weight of Polistotrema hemoglobin are not available, an 
ultracentrifuge study was made."® The soluble fraction of our Poltstotrema hemo- 
globin (see Materials and Methods) appeared to sediment as a single component with 
AN S99, » Of 1.9. This value, in the case of hemoglobin from the related Petromyzon, 
has been interpreted by others'* to correspond to a molecular weight of approxi- 
mately 23.600. However, the peptide pattern of Polistotrema hemoglobin shown in 
Figure 5 may not represent a single kind of polypeptide chain because two major 
and possibly some minor hemoglobin components were shown to be present by 
starch gel electrophoresis. ' 

It is not possible to make definite statements about the similarities between 
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Polistotrema and other patterns in the region of the neutral band because of in- 
complete resolution of the Polistotrema spots. Except possibly for the neutral 
band region and the lysine spot, the Polistotrema peptide pattern has no feature in 
common with human, lungfish, or shark patterns. One or two spots in the bony 
fish pattern appear similar to spots in the Polistotrema pattern. 

In order to test the range of variation in hemoglobins in general, a peptide pat- 
tern of a single invertebrate, the Echiurid “worm” Uvechis was studied (Fig. 6). 


In this group the hemoglobins are intracellular, as in the vertebrates. The heavily 
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Fic. 5.—Tryptic peptide pattern of Fic. 6.—Tryptie peptide pattern of 
hagfish hemoglobin. The circled spots hemoglobin from an Echiurid ‘worm.’ 
represent phenylalanine and lysine respec- Most of the spots in the neutral band, as 
tively added at the point of application of well as the one indicated by the arrow, are 
the peptide mixture. not tryptic peptides (see text). 


4 


loaded neutral band region obtained has been shown to contain many amino acids" 
that are not the result of tryptic hydrolysis. The spots on the cathodal side of the 
neutral band, with the exception of the one indicated by the arrow, were found to be 
from Urechis hemoglobin. The latter conclusion was obtained by comparing, 
peptide patterns of the total undigested hemoglobin preparation with the un- 
digested supernatant obtained after heat denaturation and centrifugation of the 


precipitate. The only spot identified with any certainty is spot 22. All other 


Urechis spots appeared to be without a match in human. 

Discussion.—Peptide patterns as obtained by the present technique do not yield 
unequivocal information for several reasons: (a) spots found in identical locations 
may not represent identical peptides, (b) single spots may contain more than one 
peptide, (c) a single peptide, through partial secondary alteration or because 
of incomplete splitting into two peptides, may give rise to more than one spot, 
and (d) a significant part of the hemoglobin molecule (about one third in human 
A, S, and F'%) is not broken down by trypsin sufficiently to become soluble, and 
accordingly is not represented on tryptic peptide patterns. 

Although, in view of (d), all findings must be substantiated by the examination 
of the undigested core, observations (a), (b), and (c) do not seriously impair the 


conclusion that Primate and human hemoglobins are very similar, especially 
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gorilla, chimpanzee and human. There is no doubt that the identification of indi- 
vidual spots needs to be based on data more specific than position, shape, and 
(sometimes) color shade of the ninhydrin-developed spots, or even reaction with 
reagents specific for certain amino acid residues. However, when two complex 
peptide patterns look similar as a whole the probability that most of the spots 
actually represent identical or highly similar sequences becomes high. 

That chimpanzee should be extremely close to man while orangutan and Rhesus 
monkey are somewhat more distant when examined by hemoglobin peptide pat- 
terns is in accord with serological data.'® On the other hand, while human hemo- 
globin strongly crossreacts with Rhesus monkey hemoglobin, it has been observed 
not to do so with porcine hemoglobin and only exceptionally crossreacts with 
cattle hemoglobin.” The similarity between human and Primate hemoglobins sug- 
gests that these hemoglobins probably have not been modified extensively since 
the times of their common ancestor. It is possible that the genes for the a and 6 
chains of a normal adult human hemoglobin are more stable than the mutated 
genes formed from them by simple mutations, and that the mutated genes often 
undergo back-mutation to the more stable normal genes. In addition to natural 
selection, the thermodynamic stability of the genes themselves may be an impor- 
tant factor in determining the distribution of alleles in a population. Our results 
indicate that stable hemoglobin genes had been developed before the separation 
of humans and anthropoids from their common stock. 

The idea that the normal genes have greater thermodynamic stability than their 
mutant alleles, and that in consequence the mutant alleles have a greater mutation 
rate than the normal genes, provides an explanation of the fact that some of the 
abnormal hemoglobins have their abnormalities at the same site.?! The alleles 


corresponding to one site may represent one mutant from the normal gene and 


other alleles formed by second mutations from this mutant, and involving its 
unstable site. 

Human adult hemoglobin peptide patterns actually differ more from human 
fetal patterns than from adult gorilla and chimpanzee patterns. In view of the 
theory of recapitulation it would not appear paradoxical that an adult organism 
should be in a sense a more distant “relative” of its own embryo than of other 
closely related adult organisms. Adaptative factors in response to the environment 
may play an equally important role in establishing the differences. In the only 
animal examined (sheep) fetal hemoglobin differs from adult hemoglobin in molecu- 
lar shape.?? 

As one gets further away from the group of Primates, the amount of primary 
structure that is shared with human hemoglobin decreases. Different primary 
structures may be compatible with rather constant tertiary structures.** The 
limits to this statement remain to be investigated. 

The observation that pig and human on one hand and steer and human on the 
other show to a large extent apparent identity of the same peptides but diverging 
differences for the others may again indicate the existence in the hemoglobin 
molecule of zones more prone to mutation than others, or of zones where the oc- 
curring mutations are more liable to be preserved by natural selection. Part of 
the Primate pattern may have evolved relatively early in mammalian history, if not 
before, while another part may have varied more frequently throughout the groups. 
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Sections of both the alpha and beta chains, or of chains taking their place, appear 
to be involved. So far there is no evidence that one of the chains remains more 
stable through evolution than the other. 

Firm conclusions about the partial stability of chains are premature before the 
sequence of each of the tryptic peptides that are common to different hemoglobins 
is determined. On the basis of a chance distribution of amino acids in the hemo- 
globin molecule, it is evident that the smaller the peptide, the greater the chance 
of finding it in different species. The presence of spot 22 seems to be the only 
trait shared by all hemoglobins. Because 22 is pure lysine, this only means that in 
all of the hemoglobins examined there is, in at least one place, a lysine next to 
another lysine or an arginine. In human hemoglobin a lys-lys sequence has been 
found to occur in both the alpha and beta chains.'. The frequently seen spots 18 
and 19 are dipeptides.' Spots 20 and 21 are a tetrapeptide and a pentapeptide, 
respectively, which are closely related.' It is true that some of the spots that may 
be common to pig, steer, and human (spots 10, 11, 24, and 25) contain much higher 
peptides. 

However, the significance of the similarities observed between pig, steer, and 
human hemoglobins is increased by the observation that many of these similarities 
are not shared by the three fish and none of them (except the lysine spot) by the 
Cyclostome and the Urechis ‘‘worm.” The three “fish”? patterns differ among 
themselves considerably more than the mammalian patterns examined. Although 
shark and bony fish as well as shark and lungfish hemoglobins may share a small 
number of tryptic peptides, bony fish patterns appear about as dissimilar from 
lungfish as from human patterns. The findings are consistent with the view that 
these ‘‘fish” belong to widely divergent evolutionary lines. 

Unless a greater constancy were found in the undigested core than in the rest 
of the molecule, no large tryptic peptide would be constant throughout the verte- 
brate series. Thus, most of the hemoglobin molecule, at least in the portion solu- 
bilized by trypsin, has been subject to successful mutation at some time during 
vertebrate evolution. Successful mutations in each tryptic peptide region have 
probably occurred more than once considering the differences between groups of 
fish and between Cyclostomes and fish. This observation, to be sure, does not 
exclude the existence of preferential sites of (successful) mutation. But such sites, 
if they exist, must be distributed throughout the molecule and not be concentrated 


in any one part of it, in contradistinction to what has so far been observed with 


insulin. ”4 
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Chemical Society. 

+ On leave from Centre National de la Recherche Scientifique, Paris. 
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THE KINETICS OF DOUBLE HELIX FORMATION FROM 
POLYRIBOADENYLIC ACID AND POLYRIBOURIDYLIC ACID* 


By Puiuie D. Rosst ANnp Junian M. STurTEVANT 
STERLING CHEMISTRY LABORATORY, YALE UNIVERSITY 
Communicated by Raymond M. Fuoss, August 17, 1960 


Synthetic polyadenylic acid (poly A) and polyuridylic acid (poly U), which are 
largely in random coil conformation in solution at neutral pH, have been shown 
to react to form a double-stranded helical complex, poly (A + U), which has a 
structure similar to that of naturally occurring deoxyribonucleic acid (DNA).'~ 
The reaction is accompanied by a decrease in the optical density at 259 my. Under 
most circumstances the 1eaction is too rapid for kinetic study by conventional 
spectrophotometric means, but it can be readily followed by the stopped-flow 
technique. © We report here the results of measurements made by this technique 
at various polymer concentrations, ionic strengths, and temperatures. 

The polymer samples employed were kindly supplied by Dr. A. Rich, who de- 
termined the mean sedimentation coefficients to be 6.25 for the poly A and 4.52 





Vou. 46, 1960 CHEMISTRY: ROSS AND STURTEVANT 1361 


for the poly U. These values correspond to molecular weights of about 225,000 
and 115,000 for poly A in the random coil form.‘ The polymer solutions contained 
0.01M sodium cacodylate and were at pH 7.2, well above the pH at which poly A 
undergoes a conformational tiansition.7? Concentrations, expressed as monomer 
molarities, were estimated by measurements of the absorbancy of the solutions 
both before and after alkaline hydrolysis.*.* In mixing experiments at constant 
total concentration minimum absorbancy was observed at the expected equivalence 
point for the 1:1 complex. The temperature was controlled and measured with an 
accuracy of +0.05°. 

Results.—The change of optical density during the reaction does not follow 
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Fic. 1.—Dimensionless plot illustrating the course of the formation of the 
poly (A + U) complex at 25°. The reciprocal of the fraction not reacted is 
plotted against the product of the initial rate of change of this function by the 
time. The curves labeled 1, 2, and 3 are respectively the universal curves 
for simple first, second, and third order reactions (equal initial concentra- 
tions). Experimental observations at values of the abscissa less than 
0.1 were generally made but are omitted from the graph for clarity. pH 
7.2, 0.01 M sodium cacodylate, added salt as indicated; polymer concentra- 
tion 10~* monomoles per liter. 
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any simple kinetic expression. The data for typical experiments with equimolar 
polymer solutions at three different ionic strengths are presented in Figure 1, in 
the form of a dimensionless plot in which all irreversible reactions (and reversible 
reactions in the case of first order) of a given order follow a universal curve provided 
the initial reactant concentrations are equal. In this plot the ordinate is the re- 
ciprocal of the fraction unreacted and the abscissa is the product of the initial rate 
of change of the ordinate function by the time. At all salt concentrations, the 
decrease of optical density initially follows apparent second order kinetics, and 
then deviates toward first order behavior in the later stages. Similar curves were 
obtained at other polymer concentrations and temperatures. The 1ate during the 
second oder part. of the reaction is proportional to the product of the initial poly- 
nucleotide concentrations, as evidenced by the constancy of the apparent second 
order rate constants listed in Table 1. There is considerable uncertainty in the 


TABLE 1 
APPARENT SECOND ORDER RATE CONSTANTS FOR THE REACTION OF EQUIMOLAR SOLUTIONS 
or Poty A AND Poy U at 25° anp pH 7.2 
0.10 M NaCl 0.05 M NaCl 


Polymer concentration 10~* k, Polymer concentration 10-5 k, 
monomer moles per l. X 10 . mole ~! see! monomer moles per l. * 105 - mole! sec“! 
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evaluation of the second order rate constants in the case of reactions at very low 
ionic strength because of bending of the plots at relatively low extents of reaction. 
Initial rates following second order behavior were also observed in experiments in 
which the concentration of either polymer was maintained constant while the molar 
ratio of the other was varied over the range 0.33 to 2.00. 

The ionic strength has a pronounced effect, not only on the kinetic form of the 
reaction as illustrated in Figure 1, but also on the rate. Thus, an increase of the 
ionic strength at 25° from 0.015 M to 0.11 M causes a thousandfold increase in the 
apparent second order rate constant (Fig. 2). 

Over the temperature range 5° to 55°, the rate of the change of absorbancy de- 
creases With increasing temperature, approaching zero at the helix “melting tem- 


99 


perature.’ As illustrated in Figure 3, the second order rate constant is a linear 
function of the difference between the melting temperature and the temperature 
of the experiment, with the temperature coefficient dependent on ionic strength. 
Since the melting temperature increases with ionic strength (see Fig. 2), a small 
part. of the variation of rate at constant temperature with ionic strength com- 
mented on above is to be attributed to this cause. 

Discussion.—Although no direct evidence is available that the change in optical 
density is proportional to the extent of reaction during the formation of poly 
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Fic. 2.—The effect of ionic strength on the apparent second 
order rate constant at 25° (open circles, liter mole~! sec~!) and 
the helix melting temperature (filled circles °C). 





(A + U),! we shall assume that complications due to any lack of proportionality 
are negligible. The kinetic results reported here are consistent with the hypothesis 
that the formation of poly (A + U) involves the interaction of pairs of polynucleo- 
tide chains to form nuclei of a few hydrogen-bonded base pairs, followed by a 


cooperative growth of ordered helical regions from these nuclei. The marked 


effect of ionic strength on the initial rate of the reaction is in the direction expected 
for a reaction between polyelectrolytes carrying charges of the same sign. At high 
ionic strength the nucleation process remains rate limiting during most of the 
reaction, as indicated by the continuation of second order behavior until the reac- 
tion is nearly complete. 

The complexity of the kinetics is particularly evident in the experiments at low 
ionic strengths, where deviations toward apparent first order behavior occur in 
the early stages of reaction. Three possible causes of this complex kinetic behavior 
can be suggested: (1) The rate of the cooperative ordering of the chains is more 
retarded by decrease in the ionic strength than the rate of nucleation, so that rate 
limitation is not confined to the nucleation process at low ionic strength. (2) 
Essentially all the bases in the polymer present in smaller concentration are paired 
at equilibrium,'? so that realignment of mated chains must take place to eliminate 
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Fic. 3.—The variation of the apparent second order rate constant 
(liter mole~! see~!) with the difference between the helix melting temper- 
ature and the temperature of the experiment, at two different ionic 
strengths. Polvmer concentration 8.7 X 107 M. 


unpaired regions left as a result of random initial formation of nuclei. This process 
would not be expected to follow apparent second order behavior, although it is not 
obvious why it should be more pronounced at low than at high ionic strength. (3) 
Since the reactants are polyelectrolytes, their average conformations in solution are 
dependent on the ionic strength, and it is conceivable that the rate of formation 
of the helical complex is in part determined by the conformations of the reactants. 

Rich'’ concluded on the basis of measurements of the rate of combination of poly 
A and polyinosinic acid to form a two-stranded helical complex that this process 
follows first order kinetics. However, since he employed conventional spectro- 
photometry, his first observation could not be made until the reaction was 40 
per cent complete. Some of our experiments at low ionic strength would appear to 
follow first order kinetics with reasonable accuracy if the observations during the 
first half of the reaction were omitted. 

The approach of the rate to zero at the melting temperature of the helix is quite 
analogous to the phenomenon of the ‘ceiling temperature” '* in addition poly- 
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merizations. The usually accepted explanation of this phenomenon is that the 
rates of both the propagation and depolymerization processes increase with tem- 
perature, with the activation energy for depolymerization being larger than that 
for propagation, so that at a sufficiently elevated temperature the two rates become 
equal and no reaction takes place. Similarly, in the present case, at approxi- 
mately the helix-melting temperature the rate of growth of nuclei and the rate of 


disordering helical units become equal. 

Summary.—The kinetics of formation of the double-stranded helical complex 
poly (A + U) has been studied by the spectrophotometric stopped-flow technique. 
The reaction follows complex kinetics, initially of second order form, then deviating 
toward first order. The initial rate is first order with respect to each polymer 
component, and is strongly dependent on the ionic strength in the direction ex- 
pected for a reaction between ions carrying charges of the same sign. The reaction 


rate decreases with increasing temperature, approaching zero at the helix melting 
temperature. 


The authors are indebted to Dr. Alexander Rich for the polymer samples and 
their characterization, and to Dr. Bruno Zimm for several stimulating discussions. 
This research was supported in part by grants from the United States Public 
Health Service (RG-4725) and the National Science Foundation (G-9625). 
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THE CRYSTAL STRUCTURE OF TERRAMYCIN HYDROCHLORIDE 
By Y. Takeucui AND M. J. BUERGER 
UNIVERSITY OF TOKYO AND MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated July 25, 1960 


The problem of determining the arrangements of atoms in crystals directly 
from X-ray diffraction data has engaged the attention of crystallographers for 
some time, and a number of approaches to this general problem have been presented. 
We have been especially interested in the approach which makes use of image- 
seeking functions in solving the Patterson synthesis,' which, in turn, is based en- 
tirely on observable X-ray diffraction data. Many simple and moderately complex 
structures have been solved directly from X-ray diffraction data by this route. 
We wished to test the power of the method on a somewhat more complex structure, 
and we regarded the antibiotics as well suited to this purpose. 

In order to focus attention on the problem and not on the details of gathering 
the X-ray diffraction data, we canvassed our colleagues for a full set of three- 
dimensional diffraction data for a structure as yet unsolved. Professor Ray 
Pepinsky kindly made available to us such data for terramycin hydrochloride which 
had been gathered in his laboratory by Dr. J. H. Robertson. Professor Pepinsky 
further supplied us with sections of the three-dimensional Patterson function for 
these data, as computed by his X-RAC. 

Space group and unit cell: Crystals of terramycin hydrochloride are ortho- 
rhombic, space group P2;2;2;, and have the following cell dimensions: 


= 11.19A 
12.49 
15.68 


This cell contains 4 molecules of terramycin hydrochloride, which has been as- 
signed the formula? CsxsHoN2O HCl. Since space group P2;2;2; has only general 
fourfold positions, it is evident that the terramycin hydrochloride molecule can be 
regarded as the asymmetric unit. 

Intensity data: The diffraction intensities had been gathered by Dr. J. H. 
Robertson from Weissenberg photographs made with copper radiation. The in- 
tensities of some 2,500 reflections had been measured and corrected for Lorentz and 


polarization factors. These were substantially all the reflections within the re- 


cording range of copper radiation. 

Patterson synthesis: The Patterson function was computed by X-RAC in the 
form of sections parallel to (001) and spaced at intervals of ¢/60. X-RAC presents 
these sections in the form of the contoured function, which is photographed as it 
appears on a kinescope screen. Since sections made in this way contain dis- 
tortion, the 30 sections of the asymmetric unit were redrawn for the more exacting 
requirements of image-seeking functions. 

Image-seeking functions: Image-seeking functions provide an approximate 
picture of the electron density of the structure. Their use for space group P2,2,2, 
has been specifically discussed.* The action of the function is briefly as follows. 
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Each atom (the somewhat heavy chlorines in particular, in this case) contributes 
to the Patterson function an image of the electron density of the structure, as seen 
from itself. If there are n such atoms, the Patterson function contains n over- 
lapping images of the structure, and the image-seeking function brings these to- 
gether. This‘is well done by the particular image-seeking function known as the 
minimum function. Such individual functions can be combined to give more 
powerful functions, and, with 4 symmetry-related chlorine atoms per cell, the fairly 
powerful M, function can be constructed. 

To start such a set of functions, the locations of the somewhat heavy chlorine 
atoms are required. These can be found in the usual way! from the Patterson 
function itself. In terramycin hydrochloride, a representative atom is found to 
have fractional coordinates 0.075, 0.080, 0.000. The occurrence of the atoms at 
level z = 0 is an unfortunate specialization, since it introduces a false mirror parallel 
to (001) into the minimum function based upon the atom. Because of this, instead 
of providing a normal solution to the structure, the M, function in this case pro- 
vides the structure plus its enantiomorphic image as reflected in a mirror parallel to 
(001). This prevents direct study of the shape of the molecule since both the 
molecule and its undesired reflection are seen interlaced in space. The only un- 
ambiguous information which can be obtained is the shape of the molecule as seen 
projected on the (001) plane, since in this projection the molecule and its enantio- 
morphic reflection coincide. 

Structure determination: Because of the unfortunate degeneracy of the M, 
function, just mentioned, we were prevented from utilizing the minimum function 
in a straightforward fashion in three dimensions, and we were forced to use com- 
paratively weak methods. Specifically, we attempted to recognize the shape of the 
molecule from the M, function, both as projected on (001). The preferred shape 
of the molecule from chemical evidence is given by Hochstein et al.:‘ 


CH; CH; 


CH, OH OH \N% 
Se ia 


hd \ OH 
POR oe NF Nl 
/OH 
W/ NS NS/N\/\cona, 


OH O OH O 


We failed to find a good fit for such a molecule in our projection of M,, and so we 
discontinued our work temporarily. 

Meanwhile, Hirokawa et al.’ have determined the structure of aureomycin hy- 
drochloride, and this revealed why we failed to fit the chemically expected molecule 
to our M, function. Their evidence makes it plain that we had greatly under- 
estimated the effects of thermal agitation. The atoms of aureomycin hydrochlo- 
ride associated with ring IV have a very high thermal agitation. It was some of the 
atoms of the corresponding ring of terramycin which appeared to be missing in our 
M , function. 
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If this large thermal motion of the atoms of ring IV were taken into account, it 
was plain that we could fit the shape of the preferred chemical terramycin molecule 
to our M, projection. Figure 1 shows the fit so obtained. Peaks A, B, C, D, E, 
and F are heavy and, accordingly, must be either the heavier oxygen or nitrogen 
atoms. Peak A is about 3.1 A from a chlorine atom, and is doubtless the nitrogen 
atom of the strongly basic dimethylamino group. Peaks for CH;!(4) and CH,!"(4) 
do not appear in the M/, projection. In our earlier trial we had tried this location 
for the molecule many times but always discarded it because we could not find these 


atoms. 





Fig. 1.—The peaks of the minimum function M, (ryz) for terramycin hydrochloride projected on 
(001), but with peaks due to false enantiomorphic molecule omitted, and two overlapping chlorine 
atoms (indicated by heavy dots) also omitted. The range of the function corresponds to the 


1 
bounded projection f “p(ryz) edz. The customary origin of space-group P2;2)2; is indicated. 
0 


The terramycin molecule is outlined, and its four rings are numbered. 


We now computed the amplitudes of the Okl and hOl reflections for this place- 
ment of the molecule, and were delighted to find very promising agreement with 
our measured intensities. The disagreement factor, R, for all these reflections was 
only about 31 per cent, the coordinates being based only on the M4 peaks. 

Encouraged by this, we made a projection of the electron density p(yz) for the 
model. This is shown in Figure 2. The result is very satisfactory, for the series 
converged well, and there are no false peaks. We feel, therefore, that we have 
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in 


Fic. 2.—Electron-density projection p(yz), of terramycin hydrochloride, based upon phases de- 
termined from the minimum function, M,(ryz), shown in Fig. 1. The origin is taken on a twofold 
screw axis for convenience of computation. 


determined the structure of terramycin hydrochloride and know the structure with 
limited precision. The coordinates of the atoms of this structure are given in 


Table 1. 
TABLE 1 


CooRDINATES OF ATOMS IN TERRAMYCIN HYDROCHLORIDE 


x y zZ x Vv ¢4 
0.075 0.080 0.000 ameidiel 4 030 786 0.078 
.130 705 182 “: 146 618 099 
148 810 036 , 13 51 , 
225 643 057 ‘ 024 472 188 
041 338 093 (5) O82 137 
340 159 122 5s 378 
474 359 433 )) 295 360 
320 49] 384 (6: F 30 
139 590 357 22 
071 584 291 (8) ‘ 18 
243 459 r 2: 28 
045 843 , i 31 
29 17 pe (10: 3 35 
23 35 32: 450 
28 30 ) § 8 16 
.035 656 at (1! 2! 545 
—0.48 0.694 2% 2a) 2 0.56 0.2: 


Discussion of the Structure.—We are proceeding with the refinement of the struc- 
ture, but meanwhile some general remarks can be made about it. There is a close 
similarity between the terramycin molecule and the aureomycin molecule as already 
suspected on chemical grounds. But there are some notable differences. While 
the aureomycin molecule has a chlorine atom, this is not a part of the terramycin 
molecule. The bond distance from the Cl of terramycin hydrochloride to peak 
A in Figure 1 is about 3.1 A. Peak A is interpreted as a nitrogen atom of the 
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strongly basic dimethylamino group. Furthermore, the terramycin molecule has 


an OH group which is missing in aureomycin. Stereochemically, there are two 
possible positions for the OH group, namely equatorial or axial, in the nomen- 
clature of Barton ef al.6 Figure 1 shows that the OH group is attached to C(5) 
of the second ring in equatorial configuration. 

The differences between the aureomycin molecule and the terramycin molecule 
are outlined in the following diagrams. 
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POPULATION STUDIES IN) PREDOMINANTLY SELF-POLLINATED 
SPECIES, I. EVIDENCE FOR HETEROZYGOTE ADVANTAGE 
IN A CLOSED POPULATION OF BARLEY 


By S. K. JAIN AND R. W. ALLARD 
UNIVERSITY OF CALIFORNIA, DAVIS 


Communicated by G. Ledyard Stebbins, August 18, 1960 


Breeding systems play an important role in determining the genetic structure 
and evolutionary dynamics of populations. In flowering plants the mechanisms 
governing mating systems show great diversity. lor the evolutionist the important 
distinction among these systems is the degree of inbreeding versus outbreeding 
they produce. Three modal classes can be recognized: exclusive or predominant 
outcrossing, predominant selfing, and mixed selfing and outcrossing. Mather! 
emphasized that each class is likely to have a characteristic way of meeting the 
necessary compromise between the requirements of high immediate fitness and 
long-term flexibility. Many of the evolutionary properties of the so-called Men- 
delian populations of outbreeders, such as balanced polymorphisms, coadaptation, 
and genetic homeostasis, are associated with the storage of variability in hetero- 
zygotes.” In self-fertilizing groups, in contrast, the store of variability is postulated 
to be in the form of a genetically diverse array ot sympatric homozygous lines 
that occasionally intercross to produce, on subsequent selfing, a series of new 
homozygous lines.* Thus the population is presumed to consist primarily of 
homozygous subunits isolated, not spatially but by their breeding habit, and 
secondarily of a small proportion of recently formed heterozygotes. The present 


study was undertaken to investigate the level of heterozygosity in an experi- 


mental population of barley, a predominantly self-fertilizing organism, and the 
adaptive significance of heterozygotes in the storage and release of genetic varia- 
bility. 

The experimental material was Composite Cross V, a population developed by 
the late H. V. Harlan and associates from intercrosses among 31 varieties of barley. 
In 1937 the varieties were first crossed in 15 pairs. During the next three years 
the I’; hybrids (plus the uncrossed parent) of the preceding cycle were again crossed 
to produce ultimately a single hybrid stock. The first selfed generation, desig- 
nated ly, was grown in 1941, the I; in 1942, and so on, from random samples of 
seeds grown without conscious selection according to usual agricultural practice. 
We are indebted to C. A. Suneson* (who grew the F3-I;, generations at Davis, 
California from 1942 subsequently) for making available seed of the F3, I's, Fis, 
I};, and I*\z generations of this composite cross. The following loci were chosen 
for study: B/b, black versus white pericarp color; S/s, long-haired versus short- 
haired rachilla; G/g, dentate versus nondentate lemma veins; Bl,/bl;—Blo/bl., 
blue versus white aleurone color (complementary genes on different chromosomes) ; 
Sh/sh, erect versus prostrate early-growth habit; R/r, rough versus smooth awns, 
Bt/bt, brittle versus tough rachis; //e, long versus short awn on the glumes, 

The plan of the experiment was, first, to determine changes in frequency of 
homozygotes and heterozygotes at the several marker loci over generations, and 
then to identify the forces responsible for the observed changes by comparison with 
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a genetic model taking into account the major factors that are recognized as af- 
fecting genotypic frequencies. These factors fall into two broad categories; (a) 
directed processes, including mutation, migration, selection, and the mating system, 
and (b) random processes, including fluctuations in the directed processes, and 
sampling accidents associated with population size. Since this population was 
closed and large (10,000-15,000 individuals/generation), migration and random 
drift presumably had only minor effects on changes in gene and genotypic fre- 
quencies. Further, it is doubtful that mutation had much effect over the 18-genera- 
tion period involved. Hence, among the major directed and random evolutionary 
forces, the ones most. likely to have produced significant directional changes in 
genotypic frequencies in the population appear to have been natural selection 
acting on unequal adaptive values of the three genotypes at a given locus, and 
inbreeding. The major emphasis was therefore on determining the breeding 
system of the population, particularly the amount of selfing versus outcrossing, 
and, by means of a census, determining changes in genotypic frequencies (these 
estimates permit inferences concerning the selective values of the three possible 
genotypes at each marker locus). 


TABLE 1 
ESTIMATED AMOUNTS OF OUTCROSSING (t) IN PER CENT 
Generation Number Number 


and year of of Outcrossing 
Locus grown progenies outcrosses (t) ot 
B/b F; (1942) 1541 2 04 0.0073 
BI/Bl F, (1959) 3162 18 94 0.0023 
M9 (1959) 2335 18 28 0.0031 
S/s F; (1942) 535 3 2.35 0.0134 
F; (1944) 678 3 2.20 0.0125 
F); (1954) 372 0 ).00 0.0000 
I 


4 


f 
Fis (1957) 378 ] 1.00 0.0099 
F; (1942) 225 0 0.00 0.0000 


, 


Vs (1957) 446 1 0.42 0.0042 


It should be emphasized that the hereditary units in consideration here are un- 
doubtedly not single loci but chromosome segments marked by the loci studied. 
In this barley population, synthesized by intermating 31 homozygous parents 
followed by predominant self-fertilization, the mean length of segment per chromo- 
some can be computed® to be 40 or more crossover units on the average at the end 
of the intercrossing phase, and 20 to 30 crossover units after 18 generations of 
selfing. For convenience, however, these segments are herein designated by the 
genetic symbol of the marker gene. 

Results—The mating system in this population was assessed by counting the 
number of dominant phenotypes among the progenies of a random sample of re- 
cessive genotypes for four of the marker loci. Following a method suggested by 
lyfe and Bailey® the data yielded the maximum likelihood estimates of the amount 
of outcrossing given in Table 1. Since there was no consistent difference between 
readings in different years or generations, the amount of outcrossing in this popu- 
lation appears to have varied within a narrow range about a mean of approximately 
1 to 2 per cent. 

The proportions of three genotypes, two homozygotes, and the heterozygote in a 
given generation were estimated from progeny tests of random samples of plants 
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drawn from the population. These estimates are given in Table 2, in which P, Q, 
and R respectively denote the dominant homozygote, recessive homozygote, and 
heterozygote. The same data are shown in graphical form in Figure 1. 

From the values of P, Q, and R it is clear that genotypic frequencies changed 
markedly for certain of the 8 loci during 18 generations of natural selection. The 
frequency of the dominant phenotype (i.e., P + R) increased sharply for R, Bl,, 
and Bl., decreased for B and Bt, and remained much the same for F and also S 
in later generations. It should be noted that changes in the proportion of P and Q 
can lead to fixation of one or the other allele. Such changes are readily apparent 
in Figure 1, in which B, EF, R, Gand Bl have moved toward either of the laterals 
marked as P or Q. Only locus B, however, approaches fixation by the Fy, genera- 


TABLE 2 
KSTIMATES OF GENOTYPIC FREQUENCIES (P, Q, R) AND SELECTION COEFFICIENTS (x, y) 
Geno- : s = 0.98 s = 
Locus type Fs Fs; c y x y Fis Fis Fis x 
B ¥ 059 0.074 1.00 1.25 1.06 1.31 013 002 000 1.00 
Q 810 0.906 ‘ ; 987 998 000 ; 
R 131 0.020... 4 , ; 000 000 000 
= 072 0.148 221 226 261 gers 
Q .594 0.745 75 } 757 739 731 1.02 0.99 
R .334 0.107 ; ae 022 035 008 . ‘are 
P oof 0.556... 575 657 671 
Q 357 0.350 % t ‘ y 396 291 308 0.80 0.80 
R 286 0.094 ' ‘ 029 052 7 | ee 
P .3849 0.270. 304 248 
Q 535 0.616 0. 5: 47 5$ 636 693 
R 116 0.114 ‘ : 060 059 
*Bl, or P .408 0.487... : 505 5 613 
Bl, Q 293 0.304 56 61 5 296 255 0.52 0.47 
R .299 0.209 : 199 : 132. —(i : 
R i's 266 0.370 4189 
Q 614 0.557 70 §2 j 411 
R 120 0.073 3 100 
Bt P 090 0.122 123 
Q 758 0.835 0.90 96 870 
R 152 0.043 .007 
Sh ¥ 544 0.615 é . 682 
Q 275 0.276 0.65 58 71 0.63 290 
R 181 0.109 028 


x and y of columns 5-8 were estimated by minimizing chi-square of deviation between the observed and ex 
pected frequencies in Fs, starting with those observed in F3. x and y of columns 12 and 13 were obtained by fitting 
to the data of Fis-Fis interval. 

* The frequency of single heterozygotes (i.e., those segregating as 3:1) was assumed to be the same at both loci 
so that P, Q, and R would also become identical. 


tion. Loci S and Bt, in contrast, seem close to an equilibrium state, in which the 
two alternative alleles at each locus may continue to coexist in the population for 
many additional generations. A necessary and sufficient condition for stability of 
an equilibrium involving only the homozygotes is simply equality of their adaptive 
values. 

It is also clear from the values of R that the rate of decay of heterozygosity 
differs for these 8 loci. At loci B, Bt, G, and S, the proportion of heterozygotes 
(R) decreased steadily at about the rate expected, with | to 2% of outcrossing. 
The decrease was slower at loci Bl, (or Bl.) and Sh, but in both instances seemed to 
approach the equilibrium parabola steadily. The level of heterozygosity at loci 
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Fic. 1.—Trilinear diagram showing the genotypic frequencies (P, Q, R) given 
in Table 1. The perpendicular distances from the three sides marked P, Q, and R 
give the proportions of the three genotypes at the loci indicated; each point cor- 
responds to a generation and the arrows point out the direction of change. The 
broken lines represent equilibrium parabolas, in absence of selection, for s = 
0, ands = 0.98. 


R and E£, in contrast, decreased only slightly in the early generations and then 
seemed‘to become stabilized at an equilibrium value higher than expected for no 
selection and 98 to 99 per cent of selfing. If, as deduced earlier, natural selection 
is the primary force acting in differential survival of genotypes, it operates with 
different intensities on the various chromosome segments carrying marker genes. 
Quantitative study of the effects of selection is difficult because the data do not 
provide a direct measure of the adaptive values for the three genotypes at any 
given locus. Even so, inferences about adaptive values can be made by comparing 
observed genotypic frequencies with the frequencies expected for given levels of 
selfing and outcrossing. Hayman,’ taking advantage of the fact that populations 
such as that under consideration consist of two components, one that selfs and one 
that outcrosses (presumably at random), derived a set of proportionalities that 
express changes in genotypic frequencies at a locus. In Hayman’s model, P,, Q,, 
and R, (P, + Q, + R, = 1) respectively denote the frequencies of genotypes AA, 
aa, and Aa at a locus A/a in the n™ generation; s and t (s + t = 1) represent the 


relative amounts of selfing and random outcrossing; and the adaptive values of 
AA, aa, and Aaare assumed to be in the ratio of x:y:1. If the population is large 
enough that random fluctuations in P,, Q,, and R, are trivial, the genotypic fre- 
quencies become 
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P, + la x{s(Pa + '/sRn) + t(P. + /.R, 
Qn + 1 yis(Qn + '/aRn) + t(Qn + 1/:Rn 
Ra + Le '/osRa + 2t(Pa + '/2Ra)(Qn + ! 


2} = x{P, + 1/,(R, — te,)} oe 
at y}P, + . (Ry . te,)} 
oRn) = Ra — '/2(sRa — te, At 


in which e, = 4P,Q, — R?*,. These proportionalities become equations when 
x = y = 1. When P, Q, R in various generations, and s and t, are known, the 
adaptive values x and y can be determined uniquely from the proportionalities 
(1) by successive iterations until the set is found that gives minimum x’. 

Since the magnitude of the selective forces might not have been the same from 
F; to Fys, x and y were estimated for the intervals F;-F; and I\;-F\s. The esti- 
mates were made for s = 1 for both intervals and for s = 0.98 for the early genera- 
tion interval to determine the effect of 2% outcrossing on the adaptive values. 
These estimates are given in Table 2, together with observed values of P, Q, and R. 
A point to note is that calculations based on the observed rate of outcrossing change 
the estimates of x and y only slightly toward higher values. The observed values 
of x and y indicate that adaptive values were usually not equal for the three geno- 
types at any given locus. Thus, for loci # and Bl; (or Bl.), the homozygotes ap- 
parently contribute to the next generation only about half as many progeny as 
does the heterozygote. The contribution of the heterozygote may also have been 
substantially greater at loci Sh, R, and S. Homozygotes and heterozygotes ap- 
peared to be about equal in fecundity at the remaining loci except B, at which 
locus there may have been selection against the heterozygote. 

Interpretation of Results ——The most important fact that emerged from this 
study is that the proportion of heterozygotes at a number of marker loci did not 
decrease at the rate expected under the observed levels of selfing and outcrossing. 
Thus, although outcrossing is capable of maintaining a few heterozygotes in the 
population (see also the equilibrium parabola for s = 0.98 in Fig. 1), heterozygote 
advantage needs to be invoked to account for the level of heterozygosis observed 
at most loci. 

The most obvious explanation for the advantage of heterozygotes is overdomi- 
nance (in terms of fitness) associated with the marker loci themselves. In several 
reports in the literature, claims have been made for single-locus overdominance. 
Although true overdominance cannot be ruled out here, neither can it be demon- 
strated; the hereditary units in consideration are chromosome segments likely to 
be of the order of 40 or more crossover units long at the end of the intercrossing 
phase of the experiment, and 20 to 30 after 18 generations of predominant selfing. 

Striking overdominance associated with chromosome segments could result 
from any or a combination of several genetic causes. For example, a theoretical 
study of selection on two linked loci has shown that linkages can cause the effects 
of selection to be spread over a chromosome segment and that the levels of hetero- 
zygosity observed can be accounted for on the basis of less overdominance at two 
or more loci under selection than need be assumed for any single locus.* Pseudo- 
overdominance caused by linkage disequilibrium with excess of repulsion phase 
linkages, or, alternatively, the summed effect of several linked loci each partially 
dominant, could produce the same result. Linkage effects in this population seem 
even more important because of the fact that parallel studies of quantitative char- 
acters in this population indicate that selection favors intermediate phenotypes, 
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which might be associated with a preponderance of repulsion phase linkages.* 
Whatever its genetic causes, the existence of striking heterozygote advantage in a 
predominantly self-fertilizing population raises the question of its significance in 
the immediate fitness and the long-term future of the population. 

Large evolutionary potential is presumably a feature of composite crosses or 
other populations derived from intercrosses among numerous diverse strains. 
Intermating followed by segregation under predominant self-fertilization makes 
many new combinations of genes available, offering great scope for adaptive im- 
provements. Wright* suggested that this can result in a large number of adap- 
tive peaks; the persistence into the eighteenth generation of a large proportion 
of the 2° possible phenotypic combinations possible for the 8 marker loci indicates 
that this happened in the present population.’ The situation is in sharp contrast 
to that of experimental populations made up of a mixture of homozygous lines; 
there the number of adaptive peaks is small, as shown by Harlan and Martini,'° 
and the genetic potential of the population is limited as a result of the rapidity 
with which one or a few genotypes becomes predominant. 

The maintenance of genetic variability in Composite Cross V appears to depend 
not only on the low incidence of intercrossing among the many diverse genotypes 
contained in the population, but also on the substantial heterozygote advantage, 
which prolongs the period over which segregation can take place. Thus hetero- 
zygote advantage is equivalent in effect to an increase in the rate of outcrossing. 

These results in barley have an important bearing on our understanding of 
genetic variability in “‘self-fertilizing” species. Rarely if ever is selfing complete, 
a fact that has apparently not always been recognized. Although a self-fertilizing 
population must clearly be at a disadvantage with respect to flexibility unless 
hybridization occurs between different genotypes in the population, equally, ex- 
cessive crossing may lead to undue hybridity. Thus, according to Darlington 
and Mather,'! each population has an optimum degree of hybridity to which it is 
accustomed and departures from this optimum, no matter in what direction, are 
followed by unbalance in the genetic system. Control of segregation and re- 
combination through such devices as regulation of chiasma frequencies, together 
with control of the rate of outcrossing are postulated to be involved in the achieve- 
ment of optimum hybridity. The present results indicate that level of hetero- 
zygote advantage is another interrelated factor. Indeed, it could be argued that 
high heterozygote advantage has evolved in self-pollinated species as a substitute 
for high levels of outcrossing. This is clearly the opposite of Lewontin’s!? view 
that “no claim for greater fitness of heterozygotes is made in the case of self-fertiliz- 
ing species, for such organisms have clearly foregone the advantages of heterozy- 
gosity in the course of realizing their particular evolutionary mode.”’ 

The observation of striking heterozygote advantage in self-fertilizing species 
thus suggests two modifications of the classical concepts of population structure in 
such species. First, the adoption of a mating system involving predominant self- 
fertilization is not necessarily accompanied by relinquishment. of the advantages of 
heterozygosity. Indeed, a few highly fit heterozygotes are capable of endowing 
a population with the same mean fitness as a larger proportion of mildly superior 
heterozygotes. Second, the store of variability in self-fertilizing species apparently 
is not entirely associated with genetic diversity among multiple homozygous co- 
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existing familial lines, since the storage potential of even a few superior heterozy- 
gotes could be substantial. 

It is possible that the observed heterozygote advantage is a transient property 
that, after contributing to genetic diversity following hybridization, disappears at 
equilibrium. The population studied here, in common with most artificial popu- 
lations, is clearly not at equilibrium at most loci; hence, issues such as this are 
best studied in natural populations. 

Finally, it should be emphasized that the foregoing analysis of changes at marker 
loci over generations was based on deterministic models although the actual proc- 
esses must certainly have been stochastic. During the 18 years Composite Cross 
V was propagated, it doubtless encountered a succession of different environments 
that could well have caused fluctuations in the selective values of different geno- 
types. Other factors, such as variations in population density and changes in 
composition of the population over time, could also have caused selective values 
to vary. For example, comparisons of x and y for early and late generations sug- 
gest that heterozygote advantage disappeared at the S locus as heterozygotes be- 
came infrequent, whereas at the G locus the opposite change seemed to occur. 
Although further studies will be required to determine the consistency and possible 
significance of such changes in adaptive values, Monte Carlo investigations on a 
digital computer of a number of cases simulating the present experiment have 
suggested that changes in heterozygote frequencies in populations as large as the 
present one are not much influenced by the random elements (amount of outcross- 
ing, adaptive values; unpublished data of Allard, Baker, and Baker). 

Summary.—Analysis of a barley population in terms of changes in genotypic fre- 
quencies occurring over 18 generations, under a mating system involving pre- 
dominant self-fertilization, indicated that decay in heterozygosity was slower at 
several marker loci than expected for the observed amount of outcrossing. These 
results were explained on the basis of heterozygote advantage associated with seg- 
ments of chromosomes. It was postulated that heterozygote advantage may have 
important adaptive implications in the maintenance of population variability, and 
hence in the evolutionary potential of self-fertilizing species. 
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GENETIC CONTROL OF SERUM TRANSFERRIN TYPE IN MICE* 
D. C. SHREFFLERT 
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY 
Communicated by George W. Beadle, August 22, 1960 


Xelationships between genes and proteins are being defined in detail through 
genetic studies of the fine structure of the chromosome and chemical analyses of the 
molecular structures of genetically variant proteins. The most extensive chromo- 
somal fine structure investigation has been done with bacteriophage.! The best 
evidence concerning the effects of mutation on protein structure has come from 
chemical and genetic studies of human hemoglobins.? Eventually genetic fine 
structure studies and protein structure analyses will be combined for given genetic 
loci and the proteins they control. The most elegant studies of this type will 
probably be done with microorganisms, because of their advantages for genetic 
study. It is important, however, also to extend our understanding of gene-protein 
relationships in higher animals, particularly mammals. The hemoglobin work 
has demonstrated that such investigations are possible in mammals. It should be 
worthwhile to analyze other protein variant systems in the same way, in order 
better to understand the detailed mechanisms and relationships involved in the 
genetic control of a variety of different proteins. Such studies require variant 
systems which can be readily isolated and purified, which have been shown to be 
genetically determined, and which, preferabi:’. occur in species adapted to in- 
tensive genetic study. 

A genetic difference has been observed in the 6-lactoglobulins of cow’s milk,* and 
a number of physicochemical studies of these differing proteins have been carried 
out.4~® Genetically determined antigenic differences in the y-globulins of rabbits 
have been studied by gel diffusion and immunoelectrophoresis.’~* Chemical in- 
vestigations of rabbit y-globulins have been in progress for many years. Investi- 
gations of fractions obtained by papain digestion by Porter'’ and by peptic diges- 
tion by Nisonoff et al.'! offer hope for identification of the antigenic differences with 
specific portions of the molecule. Observations with starch gel electrophoresis of a 
number of genetically determined serum protein variant systems in humans (re- 
viewed by Smithies'?), cattle,!* |‘ sheep,'* goats,'* horses,'® and swine'® have pro- 
vided materials which may prove useful for structural studies. Adequate tech- 
niques are available so that many of these serum proteins could be isolated and 
purified without serious difficulty. _ However, with all of the species in which serum 
protein variants have been identified, as well as with the human hemoglobin studies, 
there is difficulty in conducting intensive genetic studies of the sort which would be 
desirable for the most precise definitions of gene-protein relationships in mammals, 
in terms of allelism, linkage, intragenic recombination, ete. 

The most favorable mammalian species available for such investigations is the 
mouse. Well-defined linkage groups, adequate markers, the availability of highly 
inbred lines, and a short generation interval make it very useful for genetic study. 
Hemoglobin variants have been observed in the mouse and have been well studied 
genetically.'" However, no other well-defined protein variants have been reported 
in the mouse. Thompson et al.'® have described an apparent genetic difference 
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between certain lines of mice in quantity of 8,-globulin, determined by moving 
boundary electrophoresis, but this might involve only an increase in some lines of a 
component common to all, rather than a molecular difference. The genetic 
evidence is based only on F,’s; segregating progeny could not be tested because it 
was necessary to pool sera from a large number of mice for each moving boundary 
run. 

To detect useful protein variant systems in mice, sera from a number of inbred 
lines have been screened, utilizing two of the most powerful techniques presently 
available for detection of molecular differences in proteins—starch gel electro- 
phoresis and the Ouchterlony gel diffusion technique. Presented here are the 
results of a genetic study of one of several serum protein differences which have 
been detected, an electrophoretically distinguishable serum transferrin variant. 

Materials and Methods.—Thirteen inbred lines of mice were surveyed: A/Jax, 
A/He, AKR, BALB/c, CBA, C3H, C57B1/6, C57Br, DBA/2, Flexed, RFM, WB, 
and WC. For genetic study of the transferrin difference, reciprocal crosses were 
made between CBA and C57B1/6 (B/6) to produce F; progeny. F; X F, crosses 
and reciprocal backcrosses to each parental line were made with both groups of F)’s. 
Progeny were weaned and individually identified at four to five weeks, but no 
mouse was tested for serum protein type until it had reached at least eight weeks of 
age. Mouse sera exhibit a number of qualitative and quantitative changes from 
birth to three to four weeks of age;'® therefore testing was delayed until it was 
certain that only adult characteristics would be observed. 

Blood samples were collected from the ventral tail vein in silicone-treated tubes. 
Sera were tested fresh or after storage at —10°C. Only slight changes in electro- 
phoretic patterns of the sera were noted after freezing. 

The serum components were separated by horizontal starch gel electrophoresis.” 
Gels were prepared with approximately 13 gm. hydrolyzed starch (Connaught 
Medical Research Laboratories, ‘Toronto, Canada) per 100 ml borate buffer, pH 
8.5, approximately 0.02-molar in borate. Exact starch and buffer concentrations 
varied with different lots of starch. Fifty ul of each serum sample were pipetted, 
without supporting material, into a slot, cut out of the gel after cooling. Separa- 
tions were carried out at 4°C for nine hours at 10V/em. Under these conditions, 
despite the lack of supporting material in the slots, the electrodecantation effect 
observed by Smithies?! in horizontal gels was negligible. Upon termination of a 
run, the gels were sliced in half and stained with Amido Black 10B. 

Hemoglobin samples for linkage studies were «ullected by absorbing a drop of 
tail blood on a 5 X 9 mm piece of Whatman No. | filter paper. The pieces of 


filter paper were inserted into starch gels and separations carried out under con- 
ditions identical to those employed for serum, except that the duration of each run 


was only three hours. 

The variant components were identified as 8-globulins by the combined paper 
and starch gel electrophoresis technique described by Poulik and Smithies.2? They 
were identified as transferrins by autoradiography with °’Fe, as described by Gib- 
lett et a’. 

Results and Discussion.—Several serum protein differences recognizable either 
electrophoretically or immunologically occur between the lines tested. One of 
these involves the iron-binding, 8-globulin component, usually called transferrin 
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or siderophilin. Upon separation of the serum components by starch gel electro- 
phoresis, the CBA line differs in this major 8-globulin component from all of the 
other lines thus far tested, in that a protein more negatively charged at pH 8.5 
replaces the component found in the other lines (Fig. 1, A and D). This more 
rapidly migrating protein found in the CBA line has been designated Trf-1, its 
slower homologue, Trf-2. These designations will be used also for the phenotypes 
of individuals which show these components. 

Sera from F; progeny of crosses between CBA and B/6 contain both Trf-1 and 
Trf-2 (Fig. 1, B). This phenotype will be referred to as Trf-1.2. The two pro- 
teins are present in approximately equal amounts, with the Trf-1 band somewhat 


ABCD EF G:H 


—— == — Origin kk —— Origin 


| oad om oe 





—Trf-2 


+ + 


Fic. 1.—Amido Black-stained gels after separation of sera from: (A) 
CBA, (B) CBA X B/6 F,, (C) mixture of CBA plus B/6, (D) B/6, (£) 
CBA X B/6 F, (Trf-2), (F) CBA X B/6 F, (Trf-1-2), (4) CBA XK B/6 
F, (Trf-1-2), (1H) CBA X B/6 F, (Trf-1). 


9 
2 


more intense. Each protein seems to be reduced in quantity to about one-half 
its level in the parental lines, as indicated by comparison of the F, sera with a 
mixture of equal quantities of CBA and B/6 sera (Fig. 1, C). Results of tests of F; 
progeny are recorded in Table 1. The results are the same regardless of sex or the 
direction in which the cross is made, so it may be assumed that the trait is not sex- 
linked. 

Figure 1, E-H, shows the electrophoretic patterns of sera from four F, progeny. 
Only the three transferrin phenotypes shown are observed among the F, and the 
backcross progeny; these phenotypes are indistinguishable from those of the 
parental and F, individuals shown in Figure 1, A, B. and D. The simplest hy- 
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pothesis of genetic control is that the two proteins are determined by a pair of co- 


dominant alleles. 

The results of the tests of F, and backcross progeny are shown in Table 1. Data 
from males and females have been pooled, tests for homogeneity revealing no 
significant deviations. The sex ratio of progeny from all crosses is very close to 
unity. The Chi-square and probability values obtained when the data are tested 
for fit with the 1:1 and 1:2:1 ratios expected with the codominance hypothesis are 
also shown in Table 1. The fit is good, although there are excesses of Trf-1-2 
types in the backcrosses. The data support the hypothesis of genetic control by a 
pair of codominant alleles. This is further supported by preliminary results from 
a CBA X DBA/2 cross, in which five F,’s and 42 F; X DBA/2 backcrosses show 
the same phenotypes as the analogous CBA X B/6 crosses. 


TABLE 1 


DISTRIBUTION OF PHENOTYPES AMONG PROGENY FROM FIRST AND SECOND GENERATION CROSSES 
BETWEEN CBA anv C57B1/6 


Cross Phenotype 
Dam Sire Trf-1 Trf-1-2 Trf-2 Total 
C57B1/6 X CBA 0 26 0 26 
CBA X C57B1/6 0 yy 0 22 
Total ; 0 3 
F, X C57B1/6 33 32 
C57B1/6 X F, 38 
Total 70 
F, X F, 5é , 66 
Fr, X CBA 2: 0 
CBA X F;, 3 ‘ 0 
Total 5s 66 0 1.68 


It is proposed that this locus be designated the transferrin locus (7rf), and that 
the two alleles identified be called Tf! and Trf?, corresponding to the protein types 
which they control. This symbolism is consistent with that adopted for the hemo- 
globin locus in mice.*4 

Progeny from backcrosses to B/6 have been analyzed to determine whether the 
transferrin locus is linked to either of two other loci at which the CBA and B/6 
lines differ. The CBA line is agouti, A, and has diffuse hemoglobin, Hb?, the B/6 
line is non-agouti, a, and has single hemoglobin, Hb'. The results of these linkage 
tests are shown in Table 2. The recombination frequencies between the trans- 
ferrin locus and the hemoglobin and agouti loci are 0.51 + 0.042 and 0.56 + 0.041 
respectively, neither of which is significantly different from 0.5. In several of the 
classes in Table 2, rather large deviations from the expected occur. These could 
indicate viability differences due to interactions between loci or incompatibilities 
between dam and offspring, or may reflect aberrant segregation of the sort which 
seems to occur occasionally in certain crosses in mice.” Additional backcross 
progeny are being produced to ascertain whether these deviations have any real 
basis. It seems probable, however, that the transferrin locus is not in linkage 
groups I or V, unless it is near or outside Hk in I or Sd in V. 

Figure 2 shows an autoradiogram obtained after electrophoresis of serum samples, 
containing added **Fe, from CBA, F,, I) (Trf-1-2), and B/6 individuals, and the 
same gel stained with Amido Black 10B. Autoradiograms of samples from other 
I’, progeny give identical results. There can be little doubt that these proteins 
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TABLE 2 
Backcross LINKAGE RESULTS 
Phenotype 
Cross Hemoglobin Locus 
Diffuse Single 
Dam _ Sire Sex Trf-1-2 Trf-2 
F, X C57B1/6 Male 8 
Female ] 
C57B1/6 X F, Male . 16 
Female ( 3 
Total 36 34 
Agouti Locus 
Trf-2 Trf-1-: 
F; X C57B1/6 Male ) 
Female 
C57B1/6 X F; Male 
Female 
Total 


ABCD 


y 





+ + 


Fic. 2.—Amido Black-stained gel and autoradiogram after separation of 
samples containing **Fe. (A) B/6, (B) CBA X B/6 Fy» (Trf-1-2), (C) CBA X 
B/6 F;, (D) CBA 


are the iron-binding components of the serum, and that only three phenotypes 
occur in the segregating progeny. It is apparent, however, that in addition to the 
major components designated Trf-1 and Trf-2 there is associated with each a second, 
more rapidly migrating, minor component, which also binds ferric ions, and which 
varies in its mobility as the major component varies. These minor components 
can be seen in the Amido Black-stained gel shown in Figure 2, as well as in the 
autoradiogram. Blumberg®® has also shown a major and a minor transferrin 
component. but observed no genetic variation in either component. The minor 
components have been tentatively designated Trf-1’ and Trf-2’. The consistently 
greater intensity of the Trf-1 band in heterozygotes suggests that this band over- 
laps a Trf-2’ component. A reduced intensity of Trf-1’ in heterozygotes suggests 
that less of this component is present in the serum of these animals than in the 
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Trf-1 phenotype. It appears that the minor components exhibit phenotypic 
patterns analogous to those of the majors, and that they are controlled by the 
same kind of genetic mechanism. 

The electrophoretic results from the F’s and backcrosses have been carefully 
examined for recombination between the major and minor components, e.g., a 
recombinant type containing Trf-2 and Trf-1’. This might be somewhat difficult 
to determine conclusively in the Trf-1-2 and Trf-1 phenotypes, but should be 
readily apparent in the Trf-2 phenotype. No such recombination has been ob- 
served in 107 Trf-1, 258 Trf-1 -2, and 136 Trf-2 backcross and F, progeny. Several 
explanations are apparent for this phenomenon. ‘The major and minor components 
could be structurally different and determined by different, but closely linked loci. 
They could be structurally different, but both controlled by the same locus. They 
could represent the same structural unit, controlled by the same locus, with one 
of them conjugated with another unit common to both genotypes, or with major 
and minor components representing polymeric forms of the same unit. The latter 
seems the most reasonable explanation, but further physical and chemical analyses, 
and possibly further genetic studies, will be required to resolve this problem. 

The major transferrin components probably correspond to the 82. component 
of Clausen and Heremans,”: ?° identified by immunoelectrophoresis of CBA X 
DBA/2 F;’s as a transferrin. These workers have reported the identification of 
only one component having iron-binding properties. Presumably, therefore, the 
mutation changing the electrophoretic mobility does not affect the antigenic com- 
bining site. If this had been altered, two separate transferrin bands should have 
been seen after immunoelectrophoresis of serum from these mice, which are of the 
Trf-1-2 phenotype. If the combining site is the same on both Trf-1 and Trf-2, 
although the components should separate electrophoretically on the agar gels used in 
immunoelectrophoresis, they would probably not separate far enough to produce 
any marked change in the precipitin band. The observation of only a single trans- 
ferrin band further suggests that the minor components might be artifacts due to 
particular properties of the starch gel or the borate buffer, or again that they have a 
polymeric relationship to the major components. In immunoelectrophoresis, dif- 
ferent polymeric forms of the same unit might precipitate in the same band. 

The serum transferrin variants in mice could be useful in several ways. The 
transferrin locus may be useful as a genetic marker, particularly when its linkage 
group has been determined. The potential value of detailed chemical analyses 
of such variants has been discussed. The method of Boettcher et al.*® for isolation 
of the human transferrins may be applicable for isolation of the mouse transferrins 
as well, since they have a similar mobility in starch gel and have been shown by 
Clausen and Heremans* to cross-react with antisera against human transferrin. 
The transferrin variants might be of value in transplantation studies, as markers 
for detecting repopulation in radiation chimeras, although Popp and Smith® were 
unable to demonstrate repopulation by serum protein-synthesizing cells with rat- 
into-mouse heterologous chimeras. 

Summary.—Sera from mice of 13 inbred lines have been compared by starch 
gel electrophoresis. The CBA line differs from the other lines tested in the sub- 
stitution of a more rapidly migrating 6-globulin component, a transferrin, for the 
slower-migrating transferrin component found in the other lines. Sera from 48 
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I’; progeny from reciprocal crosses between CBA and C57B1/6 contain both com- 
ponents in approximately equal amounts, but each is reduced in quantity relative 
to the parental lines. Tests of 501 F, and backcross progeny show segregation of 
the parental and the F; transferrin phenotypes with the frequencies expected from 
genetic control of the trait by a pair of codominant alleles. The locus controlling 
the trait has been called the transferrin locus (7'rf), and the alleles, 7'rf!, in the 
CBA line, 7'rf? in the other lines. Tests for linkage to the agouti and hemoglobin 
loci are negative. Autoradiography with **Fe has shown that each major trans- 
ferrin component has associated with it a more rapidly migrating minor transferrin 
component, which appears to be under control of the same locus. 


* This work has been supported in part by U.S. Public Health Service grant No. 2G86-C2. 
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A NOTE ON LOCAL PROPERTIES OF SOLUTIONS OF ELLIPTIC 
DIFFERENTIAL EQUATIONS 


By A. P. CaALDERON AND A. ZYGMUND 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO 
Communicated August 23, 1960 


We formulate here pointwise estimates for solutions of elliptic partial differential 
equations and systems. The results obtained differ from the familiar ones in that 
they give information about the behavior of solutions at individual points. More 
specifically, we obtain two kinds of results. On the one hand, we establish inequali- 
ties for solutions and their derivatives at isolated individual points. On the other, 
type. Theorems | and 2 below 


’ 


we also obtain results of the “almost everywhere’ 
summarize the main results. 

By xz, y, . . . we denote points (x, x2, ... , 2n), (Yr, Yo - - +5 Yn), -- . Of the n- 
dimensional Euclidean space E,, and we write |/f)|, for | f if (x) |? dx}’?, where 
dx stands for the element of volume and the integral is extended over E,. The 
symbols x + y, Ax where ) is a scalar, |x| and x-y have their usual meanings. If 
a = (a), a,..., @,), Where the a; are nonnegative integers, we will write |ja| = 


ra) a 
Qt) | + jae} +...+ lanl, z* xr ts" Ae” al= alas! ee an!, (: } 
ac 


=f,= ( : ) ( : ) ra ( : ) . The symbol C with various subscripts will stand 
On; Ox Or, 

for constants, not necessarily the same at each occurrence, which depend only 

(except when otherwise stated) on the variables displayed; dependence on the di- 

mension n however will not be indicated. The functions we consider are complex- 

valued. 

It seems that the notion of differentiability which is most suited for the treatment 
of problems that concern us is not the classical one. It appears that it is more 
convenient to estimate the remainder of the Taylor series in the mean with various 
exponents. This type of differentiability is much more stable than the classical 
one, in the sense that it is preserved at individual points under various operations 
such as fractional integration and singular integral transformations. 

Let 1 < p < @, and let wu be any number 2—n/p. By T,,” (xo) we denote the 
class of functions f (7)eL? = L?(E,) such that there exists a polynomial P(x — xo) of 
degree strictly less than u (in particular, P = 0 if u < 0) with the property that 


{5 " <p \f(x) — Pla — 2) Pda! P< Ap"(0 < p< »), (1) 


with A independent of p;if p = ~, the left side here means, as usual, less sup /f (x) — 
f (xo)| in |x — ao| < p. Instead of 7, ° (29) we write T,,(ao). If f € T,?(ao) and there 
is a polynomial P (2 — 2) of degree less than or equal to u such that the left side of 
(1) is o(p“) as p > 0, we shall say that f ¢ t,?(%). Any f « L? belongs to 7',?(xo) for 
u = —n/pand any 2. The familiar result about the Lebesgue set of a function 
‘an be expressed by saying that if fe L?, p< ©, then f € to?(zo) for almost all 2p. 

The class 7',”(xo) is a linear space in which we introduce a norm. The norm of 
an fe T,,?(xo) is denoted by 7,” (xo, f) and is defined as the sum of} /f/',, the moduli of 


1385 





1386 MATHEMATICS: CALDERON AND ZYGMUND Proc. N. A. S 


the coefficients of the polynomial P(x — 2x9), and the least admissible value of A 
in (1). 
Let Q be a closed set. We shall say that the bounded function f belongs to the 


” a 


class B,(Q), u > 0, if there exist bounded functions f,, la| <u, such that 


: h® 
fala +h) = is 
Bi<u— ja B! 
for all xand x + hin Q, with |R,(a, h) | <C |h|"-'*'. We shall say that f belongs 
to b,(Q), if there exist functions f, with |a| < wsuch that 
i he 
fc th)= DL farg(t) + Rox, h) 
Bisv— fa B! 
for allzand x + hin Q, with |R,(a, h)| < C \h|“~ '*’, and, in addition, R,(x,h) = 
o( |h|“~ '*') ash +0, uniformly in x €Q. 

Given a nonnegative integer k, we denote by L,” the class of functions in L? with 
distribution derivatives of order < kin L?. The norm |\f/|,,, of an fel,” is defined 
as the sum of the norms in L? of f and of its derivatives of order < k. 

Let f = (fi, fe,...,; f,) be a vector valued function and 


ra) a 
ef = : io aale) ( ) f=4g, 


a@|< Ox 


fatp(x) + R(x, h) 


where g = (91, ge gs) is a vector valued function of s components, s 2 r, and 
a,(2) are s X r matrices. We say that the operator £, or the equation Lf = g, is 
elliptic at the point xo if the characteristic matrix 


YS ag(x)é* 


a m 
has the property that, for |£| = 1, 


det ( 2. a" (xo) 8") (2, da(a)E*) | 2 u(x) > 0, 


a\=m 
where a* denotes the conjugate transpose of a. We call u(x) an ellipticity constant 
of L at x. 
TuroreM |. Let&f = g be an equation of order m with coefficients in T(x), u > 0, 
which is elliptic at xo in the sense just defined. Let 1< p< »,u 2v 2 —n/p, 
v nonintegral. If fe Lm?, g € T,?(xo), in the sense that their components belong to these 


spaces, then 


o \* : a pey 
(1) “ps on — le (2s, ( ) f,) < C bP dig Oe Ji) + » 8 fi = (3) 
-=1 t 


Ox 


m 


: l | m— ial\. m— |a 

forj = 1,2,..., rand |a| <m,where—->- 2- — if-— 

2 ae n p n 

a| Ae: m— jal ; 

,andp<q< ”,if- = , and C depends only 
Pp n 

On v, p, 7, 8, u(x) and the least upper bound of the norms in T(x) of the coefficients of £. 

(ii) Lf, in addition, the leading coefficients of the equation are uniformly continuous 


and the equation is uniformly elliptic in the sense that the constant of ellipticity u(x) ts 


oe 


l 
psqs~e~yf-< 
Pp 
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bounded away from 0, then the quantity >> ||f;\\p.m on the right of (3) can be replaced by 
th Sill + Do II: | where C depends on £ only. 
u i=1 


l 


a 


(iii) If g et,” (a), then (< f belongs to (44 m— \q@\(%o) with the same q as in part (i). 
av 


THEOREM 2. Let &f = g be an equation which is elliptic at all points belonging to a 
set Q of positive measure, and whose coefficients belong to T,,(%), u > 1, for all x 
in @. Let v be a positive integer not larger thanu. Then, ifgeT,?(x%), 1<p< @, 


, ; 0 \*. ; 
for all x € Q, and f € Lm”, the functions ({ ) f,|a| < m, belong to thi m—jq\(xo) for 
ar 


almost all xo in Q, where q is the same as in part (i) of Theorem 1. 
THeorEM 3. Let£f = g be an equation of order m with coefficients in T (a9), u > 0, 
for all x in a closed set Q. Let the norms of the coefficients in T.,(x0) be bounded in Q 


and & be uniformly elliptic in Q. If g € T,?(ao) for all x» in Q and >> T,?(xo, gi) is 
1=1 


- 


bounded in Q, 1 <p < @, v is positive and nonintegral, —m <v < wand f € Ly”, 
then the function f belongs to Byim(Q). If, in addition, g ¢€ t,?(ae) for all x € Q, then 
SedsinlQ). 

It has already been observed! that, roughly speaking, a differential operator 
is the composition of fractional differentiation and a singular integral transforma- 
tion. Correspondingly, the method of proof of Theorems 1, 2, 3 consists in deriving, 
estimates for solutions of differential equations from estimates for fractional 
integrals and singular integral transforms. These estimates seem to be of inde- 
pendent interest and we state some of them here. 

Let f be a tempered distribution in E,. The fractional integral of order u of f will 
be denoted by J“f and defined by? 


J“f = (1 + 4? le 2)“, 
where f stands for the Fourier transform, f(x) = fz,e7°"''"” f(y)d y, of f. 
TuHeoreM 4. Let u > —n/p,v > 0, u + v nonintegral, p> 1. Then J’ maps 
continuously 
(i) T.? (29) ento T* 54.4 (x) provide d, 
| I I ar n F hss, en 
a) 2 2 —--,yup< , b) psqs-~, 4 <ps ~,eopsy< ep 
pp” q > « v v 


n " , — i 
= p; (ii) t,?(a) into t,“,,(%), with u and v as in (1). 
. 


TuHeoreM 5. Let u and v be nonnegative integers. Then, if f € T,?(%), 1\<p< @, 
for all a» in a set Q of positive measure, we have J'f € ty“+,(xo) for almost all x in Q, 
p and q being related as in part (i) of Theorem 4. If u + v 2 1, the assertion is 
valid forl<p< @. 

This theorem asserts, in particular, that if u is a positive integer and 1 <p < © 
the condition f € 7',?(2) implies f € t,”(2) almost everywhere (the case u = 1 and 
p = © is the familiar theorem of Rademacher-Stepanov). Related to it are the 
following two theorems. 

TueoreM 6. Let f have first order derivatives f, in L?, and let f; € T,?(x), 7 = 1, 2, 
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ei ee | 
nur>—n/purF -l. If ls p<nandf e L, with — -, then 
at 


fe Tyla) and Ty441(a, f) < C XY TP (ae, f); 2) ifn <p < © and fe B(E,), 
j=1 


j 


then f € Tusslao) and Triilao, f) < Co, (BU) + >> Tu? (xo, fi)|; (3) Uf f € L", with 
j=1 


2 > . = & then f € Tu! 41(20) and T x! 41(2X0, fp) < Cul f or 2 T,? (xo, fi). 
p ee n 7 
(4) The preceding statements hold with the spaces T replaced by the corresponding 
spaces t. 

TueoremM7. Iffel,’, 1 <p<o,k =0,1,2,..., then f € t"(xo) for almost all 


ae BAY ae ma ! 
to, with— > —-ifp<n/k:p<q< otfp>n/k;andp<sq< otf p=n/k. 


Pp e q pon 
Moreover, given « > 0 there is a function g(x) with continuous derivatives of orders < k, 
such that f(x) = g(a) outside a set of measure < e. 
We shall now consider singular integral operators of the following form: 


Kf = alx)flx) + Sf ka, x — y)fly)dy, (4) 


where a(x) is a bounded measurable function and k (x, z) is homogeneous of degree 
—n with respect to z (i.e., k (xv, Xz) = AW" k(x, z) for X > O), and further k(z, z) 
has for each x mean value 0 on |z! = 1. In addition we assume that k(z, 2) is in- 
finitely differentiable with respect to z and is uniformly bounded on lz | = 1. The 
integral in (4) must be taken in the principal-value sense. Associated with the 
operator & is its symbol o(®) which is defined by the equation 


o(K) = a(x) + Ka, 2), 


where k (x, 2) is the Fourier transform of k (2, z) with respect to z. 

An operator K as above is said to belong to the class 7',,(a), u 2 0, if o(®) and its 
derivatives with respect to the coordinates of z of orders < 2n + u belong to T,,(x0) 
for each z # 0, uniformly on |z| = 1. The norm 7',(2:, K) of an operator of the 
class 7',(2o) is, by definition, the least upper bound of the norms in 7',(2o) of o(K) 
and its derivatives with respect to 2 of orders less than or equal to 2n + u evaluated 
on |z| = 1. Operators of class ¢,,(a) are defined analogously. 

THEOREM 8. X be a singular integral operator of the class T,(%), 1 <p < ©, 
v2 Then ® maps continuously T ,?(xo) into T ,?(x9), 
with norm less than or equal to Cy,.T (vo, R). The corresponding results for operators 
of class t,,(xo) and the spaces t,?(a) is also valid. 

THeoreM 9. Let u be a nonnegative integer and f a function belonging to T',?(xo), 
1<p< ©, for all xo in a set Q of positive measure. Then there exists a subset Q of 
( such that Q — Q has measure 0 and such that for every singular integral operator K 
belonging to T(x), xo €Q, Kf belongs to T,,?(x9). 

We conclude with an additional result about the solutions of the equation £f = 
g. Itis well known that Theorem 1 is not true when wu is a nonnegative integer, and 
the simplest illustration is the equation Af = g: if g is merely continuous, f is not 
necessarily twice differentiable. The only thing we can say then is that f has 
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f,j = 1,2,...mn, which, in turn, satisfy a 
Ox; 


Hélder condition of any order less than 1 or, more generally, have a modulus of 


cat, | 
continuity w( h\) = ( h log ) 
h 


It is, however, not difficuit to show, and the result is a special case of Theorem 


continuous first order derivatives f; = 


10 below, that if g is continuous at a given point x, then any solution of Af = g has 
continuous derivatives f, near 2») and the f; satisfy at that point the condition of 


smoothness: 


fj(to + h) + f)(to — h) — 2 f(x) = o( \h|), h > O, (5) 


a condition first introduced by Riemann in the theory of trigonometric series. 
This condition can be interpreted as the differentiability at h = 0 of the ‘even 
part’ '/o[ f(a + h) + f)(%o — h)| of f;(vo + h), and from this it is easy to deduce that 
the ‘odd part’ '/s[f (v» + h) — f (a — h)) of f has a second differential at h = 0. 
This fact gives a clue to the situation in the general case. We may add, and the 
result is familiar enough, that if a continuous function g(x) satisfies the condition 
g(x + h) + g(a — h) — 2 g(x) = o( \A|) uniformly in a domain, then in every com- 


. mele l 
pact subdomain g has a modulus of continuity of h} log A |p 8° that the result 
(] 


about the modulus of continuity of the derivatives f; in the case of the equation Af = 
g isa corollary of (5). 

We shall say that f(x) belongs to the class A,?(x»), where u is a nonnegative in- 
teger, if '/o[f (v7 + h) — (—1)“f (xo — h)| belongs to 7,,?(0) as a function of h. 
We shall say that f(x) belongs to M,?(xo), if '/o[f (vw + h) + (—1)"f (xo — h)] be- 
longs to 7,,?(0). On replacing here 7',?(0) by t,?(0) we obtain the definitions of 
dy? (xo) and p,,?(2). 

THeoreEM 10. Let £f = g be an equation of order m with coefficients in T ,(x»9) 
which is elliptic at x2. Let u be a nonnegative integer, v > u. Then, if m is even and 


a 


, see ra) 
geT,,” (a), 1<p< e7,w>u — 1, andg €A,?(x), the function f, = (: ) f belongs 
x 


AL+ , where p and q are related as in Theorem 1. If m is odd, the same conclusions 


° urm a « 
hold with the classes A,?(%») replaced by M,?(a). Analogous conclusions hold with 
classes A replaced by \, and M by yp, as the case may be. 

The proof gives also inequalities for the norms. 


! Calderén, A. P., and A. Zygmund, “Singular Integral Operators and Differential Equations,”’ 
Amer. J. of Math., 79, 901-921 (1957). 

2 For further properties of the operator J“ see N. Aronsajn and K. T. Smith, ‘““Theory of Bessel 
Potentials,’’ in Studies of Eigenvalue Problems, (University of Kansas, Department of Mathematics, 
1959), Technical Report 22, part I, pp. 1-113, or A. P. Calderén, “Singular Integrals,’’ course 
notes of lectures given at the M.I.T., 1958-1959. 





DEGREE OF APPROXIMATION BY BOUNDED HARMONIC 
FUNCTIONS* 
By J. L. WALsH 
DEPARTMENT OF MATHEMATICS, HARVARD UNIVERSITY 
Communicated August 25, 1960 


The writer has recently published several notes on degree of approximation on a 
Jordan curve! ? or are* by polynomials in the complex variable, and also a paper 
on approximation by bounded harmonic functions,‘ all with emphasis on properties 
invariant under conformal transformation. The last-named paper admits of 
extensions (i) to more general degrees of approximation and (ii) to approximation 
ona Jordan are; the object of the present note is briefly to set forth these extensions. 

THEOREM 1. Let «1, €, be a sequence of positive numbers approaching zero, 
where we suppose €n/,; = Olen) for every positive integral \ (here {m]| denotes the 
largest integer not greater than m) and where for every r,0 <r < 1, we have r” = O(e,). 
Let E be an analytic Jordan curve in the z-plane containing the origin in its interior, 
and let D be a region containing E. Let the function u(z) be defined on E, let the 


functions u,(z) be harmonic in D, and let (n = 1, 2, 3, ...) 


u(z) — Un(z)} S Ayjen, zon EL, 
u2)| S&S At", zin D, (2) 


be satisfied. Then there exist harmonic polynomials p,(z, 1/z) in z and 1/2 of re- 
spectwe degrees n such that 


u(z) — pr(z, 1/z)| S Ase, z on EL. (3) 


Here and below the letter A with subscript denotes a positive constant inde- 
pendent of n and z, a constant which may change from one usage to another. 

Map one-to-one and conformally E onto the unit circumference E,: |w| = 1 
in the w-plane; then the map is one-to-one and conformal also in regions D, (a 
subregion of D) and D, containing FE and £, respectively. As in the proof of 
Theorem 2.2 of reference 4, and by use of Lemma 1.2 of reference 4, there exist 
functions ¢,(w) single-valued and analytic in D. whose transforms ®,(2) = ®,1(z) + 
i®,»(z) satisfy the conditions ®,;(z) = u,(z) on EL, 


,,(Z) < A,R,", z in Dz», 
u(z) — ®r(z)| S Aj€«, zon £, (5) 


where J, is an annular subregion of D; containing /. In a suitably chosen annular 
subregion D, of Ds containing E the components (defined in terms of the Cauchy 


integral) of the respective ®,(z) can be approximated by polynomials in z and 


polynomials in 1/z, as in reference 2, in such a way that we have 

@,(z) — Pu(z, 1/z)} S Ash,"o1", 0< o,< lzonJd, (6) 
where P,,,(2, 1/z) is a polynomial in z and 1/z of degree k, and o; is independent of 
k,n, and z. Here we choose the integer \ with Ryo, < 1: it then follows from 
equations (5) and (6) that the real parts p, ,n(z, 1/z) of the polynomials P,, (2, 1/2) 
satisfy 
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|u(z) — pn (2, 1/z)| S Ace, zon #, (7) 


for the sequence k = n, 2n, 3n, . The p,(z, 1/z) may now be defined for every 
k by the equations 


Pr(Zz, 1/2) = DayrnlZ, 1/2), An Sk< (A+ 1)n, 
px(z, 1/z) =0, Le ON, 


and equation (3) follows from (7) by the hypothesis on the e,. 

A somewhat simpler result than Theorem 1 deserves to be stated: 

Corouuary. Under the conditions of Theorem 1, let D contain both E and the 
interior of E. Then the polynomials p,(z, 1/z) may be chosen as harmonic polynomials 
in z so that equation (3) is valid. 

Under these conditions we map F and its interior onto /; and its interior; Jordan 
regions D;, D3, and D, may be chosen to contain FE and its interior, and the P,,(z, 
1/z) satisfying (6) may be chosen as polynomials in z alone, whose real parts 
pn(z, 1/z) are harmonic polynomials in z and satisfy equation (7). Then equation 
(3) follows as in the proof of Theorem 1. 

The Corollary is in fact valid (compare reference 2) if D is an arbitrary Jordan 
region and if / is an arbitrary closed point set interior to D; we use Lemma 1.2 
of reference 4, and conformal transformation onto the w-plane is not necessary in 
the proof. 

The Corollary admits a converse: 

THEOREM 2. Let the €, satisfy the conditions of Theorem 1, let E be a Jordan curve, 
and let D be a bounded region containing EF and its interior. If u(z) is defined on E, 
and if harmonic polynomials p,(z) in z of respective degrees n exist satisfying 


|u(z) — pa(z)| S Aye, zon L#, (8) 


then for suitably chosen R we have 
: Y 


| Dalz)! <= AR’, zin D. (9) 


Thus the p,(z) satisfy the conditions prescribed for the u,(z) in the hypothesis 
of the Corollary. 

It follows from (8) that the p,(z) are uniformly bounded on and interior to E. 
Let T be a cirele interior to /, and let T, be a concentric circle whose radius is R 
times as large. If R is suitably chosen, D lies in T;. The conclusion (9) now 
follows by Lemma 1.3 of reference 4, or by a more specific lemma due to Szegé 
(loc. cit.). 

The hypothesis of Theorem 1 is invariant under one-to-one conformal (i.e. 
analytic) transformation of /, which implies also one-to-one conformal trans- 
formation of some region D containing 2. The hypothesis remains invariant also 
if (as in the Corollary to Theorem | and in Theorem 2) the region D is required to 
contain both # and its interior. Under the latter condition the class of functions 
that can be approximated on F (not necessarily analytic) by harmonic polynomials 
in z of respective degrees n with degree of approximation O(e,) is also invariant 
under one-to-one conformal transformation of / and its interior; if / is an analytic 
Jordan curve, this class on F itself is thus the set of transforms of functions (neces- 
sarily continuous, so the Dirichlet problem for |z| < 1 has a solution) which can 
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be approximated on |z| = 1 by trigonometric polynomials in 6 = —7 log z 
respective degrees n with degree of approximation O(e,). 

A further remark is in order: 

Coro.uary. Under the conditions of Theorem 1, the polynomials p,(z, 1/z) can 
be chosen as harmonic polynomials in z alone of respective degrees n. 

As in the proof of Theorem 1, map one-to-one and conformally the curve FE and 
its interior onto £;: |w! = 1 and its interior, say w = ¢(z),z = W(w). By the 
invariance of the hypothesis of Theorem 1 and by Theorem 1 itself, there exist 
harmonic polynomials p,(w, 1/w) in w and 1/w of respective degrees n such that 


/ulw(w)| — pp(w, 1/w)| S Asen, won £). 


However, on E,: |w| = p 1 a harmonic polynomial in w and 1/w of degree n 
is also a harmonic polynomial in w alone of degree n; for every k we have on F, 


p* (ay, cos kO + by sin k0) + p~*(ay, cos kO + by sin ké) = 
p*[(aiz + dex) cos kO + (by, + b,) sin ké}. 


By the invariance of the property expressed by equation (8), the present corollary 
follows. 

The proof just given shows also that if F is the unit circumference, and if equation 
(3) is satisfied, then equation (8) is also satisfied if the p,(z) are suitably chosen. 
The corresponding question is still open if / is an arbitrary analytic Jordan curve. 

We turn now from approximation on Jordan curves and regions to approximation 
on Jordan ares, as in reference 3. 

THeoreM 3. Let the €, satisfy the conditions of Theorem 1, let E be an analytic 
Jordan arc, and let D be a region containing E. Let the function u(z) be defined on 
I}, let the functions u,(z) be harmonic in D, and let (1) and (2) be satisfied. Let 
z = o(w) map E one-to-one and conformally onto E,: —1 S w S 1. Then the 
function u\d(cos 6) | can be approximated by trigonometric polynomials in 6 of degree 
n with degree of approximation O(e,). 

Conversely, if u(z) is given on E and u|d(cos 6) | can be approximated by trigonometric 
polynomials in 6 of degree n with degree of approximation O(€,), then functions u,(z) 
harmonic in D exist satisfying (1) and (2); the u,(z) may be chosen as harmonic 
polynomials in 2 of respective degrees n. 

Since the original conditions on the u,(z) are invariant under one-to-one conformal 
transformation of D, or of a subregion of D containing /£, the method of proof of 
the Corollary to Theorem 1 shows that on EF, the function u[¢(w) | can be approxi- 


mated by harmonic polynomials in w of degree n with degree of approximation 


O(e,). On E, these harmonic polynomials of degree n are also polynomials of 
degree n in the real variable w, and the first part of Theorem 3 follows* by use 
of the classical transformation w = cos 6 as in the Bernstein-Jackson-Montel-de la 
Vallée-Poussin theory of trigonometric approximation. 

To prove the converse, we note that u[¢(w)] can be approximated on E,, by 
polynomials of degree n in the real variable w with degree of approximation O(e,), 
again by the classical theory of trigonometric approximation. On £, these poly- 
nomials are also polynomials in the complex variable w of degree n, and by the 
Bernstein lemma ($3 of reference 4) as proved by 8. Bernstein these polynomials 
satisfy the analogue of equation (2) in an arbitrary bounded region D, containing 
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E,. Thus the real parts of these polynomials in w are harmonic polynomials in 
w of respective degrees n which satisfy in the w-plane the analogues of equation (1) 
and equation (2). By the invariance under conformal transformation of the 


property expressed by equations (1) and (2) we deduce equations (1) and (2) in 


the main conclusion of the second part of Theorem 3, except that now D is the 
image in the z-plane of a suitably chosen region in the w-plane rather than an 
arbitrary region of the z-plane containing #. However, by the methods of proof 
of the Corollary to Theorem | and of Theorem 2 it follows that in equation (1) 
the u,(z) may be chosen as harmonic polynomials in z of respective degrees n, and 
equation (2) is valid in an arbitrary bounded region. 

THEOREM 4. Under the conditions and with the notation of Theorem 3 on the €n, 
D, and E, let s be arc-length measured along E algebraically from the mid-point of E, 
and let 21 be the total length of E. Then f(z) can be approximated on EF by functions 
Un»(z) harmonic in D which satisfy (1) and (2) when and only when the function u(z) = 
ux(1 cos 0,) == ue(s) can be approximated by trigonometric polynomials in 0, with 
degree of approximation O(e,). 

Theorem 4 follows from Theorem 3 of reference 3, which shows essentially that 
trigonometric approximation in @ of degree O(e,) implies trigonometric approxima- 
tion in 6, of degree O(e,), and conversely. 

It is proved in Theorem 2 that if the u,(z) are harmonic polynomials in z of 
respective degrees n, inequality (2) is a consequence of inequality (1), provided 
E is a Jordan curve. This conclusion is false if # is an analytic Jordan are, as is 
shown by the counter-example £: —1 S z S 1, u(z) =0, u,(z) = n"ry for all n. 
The u,(z) are not uniquely determined by their values on EF. Likewise if the 
u,(z) are harmonic polynomials in z and 1/z of respective degrees n and if E is 
ky: |z| = 1, it is not true that (1) implies (2); a counter-example is u,(z) = n” 
(p" cos n8 —p~" cos nO), where p and @ are the usual polar coordinates. 

However, a harmonic polynomial p,(z, 1/z) in z and 1/z of degree n is not uniquely 
determined by its values on £;. If a sequence p,(z, 1/z) of such (real) polynomials 
is bounded on £;, each polynomial is a trigonometric polynomial on £, and can 
be expressed on /; as a polynomial P,,(z, 1/z) in z and 1/z of degree n; the latter 
polynomials satisfy | P,(z, 1/z)| < A,R", R > 1, in an arbitrary annulus 1/R < 
'z| < R, and the real parts of the P,,(z, 1/z) are harmonic polynomials in z and 1/z 
of degree n that satisfy this same inequality and coincide with p,(z, 1/z) on FE). 

Similarly, in the particular case that # is —1 S z S 1, a (real) harmonic poly- 
nomial p,(z) in z of degree n is on FE also a polynomial in x (where z = x + iy) of 
degree n on E, thus a polynomial P,(z) in the complex variable z of degree n. 
When so interpreted, it follows from the original form of Bernstein’s lemma as 
proved by 8S. Bernstein that | P,(z)| S A, z on FE, implies | P,(z)| < A,R", for z 
on and interior to the ellipse |z7 — 1| = (R + 1/R)/2. The real part of P,(z) 
is a harmonic polynomial q,(z) of degree n which coincides with p,(z) on EF and 
which satisfies | q,(z)| < A,R” on and interior to that ellipse. 

* This research was supported in part by the United States Air Force Office of Scientific Re- 
search, Air Research, and Development Command. 
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4 Walsh, J. L., Jour. de Math. pures et appl., 39, (1960). 





CRITIQUE OF CRITICAL TABLES* 
By P. W. BripGMAn 
DEPARTMENT OF PHYSICS, HARVARD UNIVERSITY 
Communicated August 17, 1960 


The need for critical tables has grown out of the spectacular fecundity of modern 
experimental research. Some fifty thousand scientific periodicals throughout the 
world present a wealth of material with which it is impossible for any one indi- 
vidual to come into mere physical contact, much less to digest and evaluate. A 
large part of the material thus published which is pertinent to critical tables com- 
prises numerical data of various sorts, perhaps for the most part values of the 
various physical parameters which describe the properties of different materials, 
but also numerical values for fundamental constants such as the velocity of light 
or the intensity of gravity. This numerical material is subject to extensive du- 
plication, for many measurements are made independently of each other. Fur- 
thermore, techniques are continually being improved so that continually better 
values are being obtained for ostensibly the same parameter. It is the primary 
function of a set of critical tables to subject this welter of numerical material 
to some sort of critical evaluation, which will enable the interested user to form 
a judgment as to the “best”? value for any parameter, and also to make some 
estimate of the “probable” error of the value selected as the ‘“‘best.” 

It is the purpose of this introductory talk to inquire into some of the principles 
which should control any attempt to select a “best”? value or to estimate how 
good the “best”? value may be expected to be. This inquiry will be both general 
and also particular, in so far as special kinds of parameters demand special treat- 
ment. I cannot hope to give you anything philosophically profound, or to do 
more than to present considerations obvious to every one of you who is willing to 
give the matter a little thought. 

It is, I think, usually implied that not only should any critical tables endeavor 
to present the “best”? values, but that they should also endeavor to find, within 


‘ 


limits, the ‘correct’? values. That is, the usual implication is that there is an 
“objective” background to all our measurement, and that the ultimate purpose 
of our measurements is to find the “objective” values of the various parameters, 
such as the velocity of light, which are true and correct independent of the meas- 
uring instrument or of the measuring agent. Now it may well be that something 
of this sort is an ideal, and a proper ideal of our measurements, but I think that 
examination of what we actually do when making measurements and determining 
the numerical values of our parameters will show that any such ideal is at best a 
limiting ideal which we never actually attain in practice and in fact never can 
attain. For it is obvious that the making of numerical measurements and the 
assessing of their probable excellence is unavoidably a human enterprise, and that 


all we can attain at any epoch is a consensus of the best opinion of qualified experts 


at that epoch. Now, with all due deference to my audience, the opinion of quali- 
fied experts is subject to the hazards of human frailty, and our evaluation of what 
can be accomplished by critical tables must take into account as one of the factors 
this element of human frailty. The importance of this factor may be compara- 
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tively minor in a field which has long been cultivated and in which we feel con- 
fident of the theoretical foundations, but in a new field in which the foundations are 
not well laid, human psychology may play a surprisingly large role. Rutherford 
used to enjoy telling how the early measurements of e, the charge of the electron, 
clustered around the value 3 X 10~'°, until he made the psychological break-through 
by publishing the value 4.8 X 10~!, around which all subsequent values have 
clustered. 

The same thing is true, although to a much less degree, with regard to other 
fundamental physical constants. A study of the “best”? values of these constants 
which have been published from time to time is informative. Thus the value pub- 
lished in [International Critical Tables in 1926 for Planck’s constant, h, was 6.554 
xX 10-7, with an indicated uncertainty of 0.001. Revised critical values pub- 
lished in 1929 and 1933 were 6.547 and 6.542 x 10>?’, differing from the earlier 
value by considerably more than the indicated uncertainty. In 1941 came the 
psychological break-through by Birge, who raised the ‘“‘best’’ value to 6.624, around 
which subsequent estimates have more or less clustered. The maximum estimated 
probable error of the three earlier values was much smaller than the jump in the 
absolute value between 1933 and 1940. Something similar has happened to the 
velocity of light; the estimated uncertainty in the I.C.T. value of 1926 was only 
half the shift in accepted absolute value since then. 

Various more or less automatic and impersonal methods have been proposed 
for evaluating the probable error in a numerical value obtained by adjustment 
from various independent sources, but these have obviously not been successful 
up to the present, and there seems no completely ‘objective’? method of estimating 
even the limits of error of any specific numerical parameter, nor can any precise 
logical meaning be given to the “probability” which we refer to when we talk 
about “probable” error. It seems impossible here to avoid the play of strong 
personal factors. It is perhaps more common for the individual investigator to 
overestimate the accuracy of his own measurements, but on the other hand, there 
are individuals who, recognizing this tendency, react by underestimating their own 
accuracy. Nevertheless, in spite of all this, the individual expert remains indis- 
pensable who gives his personal opinion, and who bases his opinion to a considerable 
extent on intangible factors which would be difficult to formulate and which involve 
a large element of his own experience. 

Let us now imagine ourselves in the place of the expert confronted with the 
problem of estimating the best value for some numerical parameter and consider 
the various factors which he must consider. I suppose the tactics of our critical 
expert will to a large extent be determined by what he considers to be the nature 
of the numerical parameter which concerns him. Perhaps the first question is 
whether the parameter is one capable of indefinitely great accuracy, or whether 
it is one for which the physical nature of the subject precludes the assignment of a 
single unique value and permits only the establishment of a range of values. There 
are two sorts of parameter which permit indefinitely great accuracy. There are 
in the first place conventional constants, such as the standard atmosphere, which 
is fixed absolutely, by fiat, mostly on the simple basis of general convenience. 
Then there are the mathematical constants such as pi or 4/2, which may be com- 


puted to any preassigned limit of precision and with regard to which there is com- 
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plete consensus of expert opinion. After the mathematical constants come the 


so-called universal physical constants, such as the velocity of light, or Planck’s 
constant, or the charge on the electron. Such constants have to be determined 
by physical measurement, and since all physical measurements are subject to 
marginal experimental error, the “best”? present values for these constants also 
are subject to necessary error. It might perhaps be thought that an estimate of 
the most probable present error could be obtained merely by a critical examination 
of the experimental material. Detailed examination will show, however, that this 
is not the case, but the present state of physical theory enters as well as the present 
status of instrumental technique. For at present physical theory recognizes two 
types of physical constant—those the determination of which is affected by the 
Heisenberg uncertainty relation so that mathematical absolute precision is never 
attainable, and measurements subject to no such limitation and ideally capable 
of indefinite and mathematical precision. An example of the first sort of constant 
would be a characteristic emission frequency, into the determination of which 
enter measurements of energy levels, and examples of the second sort are the velocity 
of light or the charge of the electron or Planck’s h. Present theory treats these 
latter as exactly in the same class as the mathematical constants pi or +/2. One 
need not question the present justifiability of dividing the fundamental constants 
into two classes in this way, to at least recognize that the present attitude toward 
these constants depends on present theoretical consensus, and that if at any time 
in the future wave mechanics should be modified, consensus about the nature of 
these constants would change also. To me it seems intuitively probable that even- 
tually no physically determined constant can remain on the level of the mathe- 
mat:*al constants, for some sort of indefiniteness in physical measurement. will 
always remain, whether of the Heisenberg sort or not. 

In general, hardly any sort of physical measurement is possible which does not 
involve some element of theory, and the tactics of the measurement may well 
be influenced by the present status of the theory. A striking example is afforded 
by the recognition of the possible existence of isotopes. I well remember the con- 
sternation of T. W. Richards, who had acquired a well-merited world-wide recogni- 
tion for his precise determination of atomic weights, when confronted with the 
realization that all his so-careful determinations of what he thought were eternal 
verities were only more or less blurred-out averages with mostly a casual signifi- 
cance. Since then the recognition of the existence of isotopes has radically changed 
the entire technique of atomic weight measurement. Strictly, recognition of 
the existence of isotopes should alter the whole method of presenting the prop- 
erties of actual materials. Ideally, no density of a metal, for example, should 
be tabulated without specifying the isotopic constitution of the metal. Going 
still further, a complete characterization of the density of a specific metal would 
demand tabulation of the density of all pure isotopes. This is probably at pres- 
ent an unnecessary and impossible ideal, but I think we have at least the right to 
demand in a table of densities some indication of the range to be expected because 
of possible variation in the isotopic constitution. The range to be expected will 
depend on theory to a certain extent. The same requirement applies to all the 
other physical parameters. Attention to this requirement will obviously materially 
add to the complexity of present tables. 
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The way in which the various physical parameters are tabulated is to a certain 
extent an indication of the present state of the theory. The indication may be 
negative, by omission. Thus if the most probable value of the velocity of light 
is listed without specifying the date at which it was determined, the presumption 
is that the velocity of light is regarded as an absolute constant, not subject to 
secular variation or to variation with the position of the solar system in the side- 
real universe. Neglect of both these factors can doubtless be justified within 
present limits of error by our present theory of general relativity, but if we neglect 
to record these factors we are in effect gambling that our present general theory 
of relativity will continue to command universal assent (which can hardly be main- 
tained of it even now). In general, a record of the date of any measurement would 
seem to be an integral part of the data pertaining to the measurement. 

We turn now to consider more explicitly some of the factors which obscure the 
significance of the numerical values for some of the parameters of specific concrete 
substances, as distinguished from the so-called universal constants. We have 
already mentioned the uncertainty arising from ill-defined isotopic composition. 
Indefiniteness of isotopic composition is by no means the only source of uncertainty, 
but with increasing precision of measurement new and unsuspected sources of 


uncertainty are continually uncovered. The ideal here is to present measured 


parameters only for material that is well defined, and with scientific progress our 
specifications for “well-defined” become continually more exacting. It has always 
been recognized that certain materials as they naturally occur are not well defined, 
but nevertheless, because of their practical importance, some indication of the 
values to be expected should be tabulated. A typical example is that of the natural 
woods. It is, for example, of practical importance to list expected values for 
the densities of various woods, in spite of the fact that the densities of two speci- 
mens from different locations on the same tree are measurably different, and a!so 
variable with moisture content. Nevertheless, tables of the density of wood are 
of value. They become of greater value if the expected range of variation under 
conditions which are specified as exactly as possible is also tabulated. It is prob- 
ably impossible to give any rigid formal specifications which we can justifiably 
demand the expert who prepares the table to follow. What the expert does will 
be colored by his personal experience, and it is to our advantage that it should be so. 
What we do have a right to demand is that the expert should take us into his con- 
fidence to the greatest possible extent, and explicitly formulate as many of the 
considerations which have guided him as he can. 

The same sort of indefiniteness that prevails with regard to the density of wood 
is characteristic to a less pronounced degree of the densities of other materials. 
Twenty or more years ago it was the prevalent opinion that the only well-defined 
solid material was the perfect crystal, and an ideal density was the density of 
single crystal material. But we now recognize that even this does not take account 
of all the factors at present known. For in practice the perfect crystal does not 
exist, but all actual crystals have dislocations. The number of dislocations may 
be relatively small when the crystal is small, as in a ‘‘whisker,”’ but in larger crystals 
the relative number becomes larger, and also becomes more nebulous, being a 
function of past history, and so is not a single valued temperature function. Not 
only is the measured density of a single crystal affected by the number of disloca- 
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tions, but it is also a function of absolute size and shape, when measurements are 
made accurately enough, because there are surface effects, and the mathematically 
precise lattice is distorted to a certain extent in the vicinity of the surface. For 
all these reasons the density of a single crystal of an isotopically pure substance is 
not well defined, and any critical table must give some indication of the range of 
variation to be expected. 

If the material is ‘solid’? but not a single crystal, there may be much greater 
uncertainties in its density. The density of a glass fluctuates through a range 
depending on its pest thermal and mechanical history. If the possible previous 
mechanical stresses are increased by improvements in technique beyond limits 
previously thought attainable, fluctuations in density may be produced greater 
than at one time thought possible. Thus by subjecting quartz glass to a combina- 
tion of shearing stress and hydrostatic pressure in excess of 50,000 kg/cm’, a per- 
manent increase of density of 17 per cent has been produced, the material remaining 
a perfect glass and without any trace of crystallinity as shown by X-ray analysis. 
With progress in technique other new factors are being fcand which are capable 
of producing permanent changes of density and therefore indefiniteness in the 
values which should be tabulated. There is, for example, the cross linkage in long 
chain polymers produced by electron bombardment, or the permanent changes 
in many metals produced after prolonged neutron bombardment in a pile. Or a 
photographic emulsion, made developable by a cosmic ray, has a density different 
from that of the unexposed emulsion. There is a logical puzzle here in dealing 
with this situation, for the fact that a cosmic ray has been received can usually be 
established only by developing the emulsion and thus irreversibly changing it. 

When one burrows far enough into the microscopic structure of materials, one 
encounters an entirely new class of physical parameter—the parameter which 
can be measured but not controlled. Such parameters doubtless play a dominating 
role in irreversible processes. But science has hardly yet reached the stage where 
the parameters of substances undergoing irreversible changes can be adequately in- 
cluded in critical tables. 

The densities of liquids are subject to some of the same uncertainties as the 
densities of solids, although to a less degree. In the first place, internal equi- 
librium between different molecular species requires time to achieve; sometimes the 
sluggishness may be so great as to make difficult a sharply defined value within 


present experimental limits. This is particularly the case for organic liquids 
which solidify to stable and unstable solid forms. A somewhat different source 


of uncertainty is shown by liquids in the neighborhood of the critical point with 
the vapor. It used to be thought, on the basis of van der Waals’ equation of 
state, or of some similar equation, that the critical point was a single well de- 
fined point with definite values for the pressure and temperature. It is now real- 
ized that instead of a critical point we have a critical region, within which there 
are rapid fluctuations of small scale density, distributed about some sort of mean 
according to a probability function. The situation here adumbrates a situation 
that is eventually going to make trouble when the accuracy of physical measure- 
ment is pushed to the limit. It is universally recognized that in tabulating any 
such parameter as density the temperature must be specified. Now this ‘tem- 
perature” is the thermodynamic temperature, defined in terms of equilibrium. 
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But when we make our measurements fine enough we find that equilibrium is never 
attained, and that therefore this “‘temperature”’ strictly does not exist. Present 
theoretical consensus is inclined to the view that if we want to get down to bed- 
rock fundamentals we must replace temperature by some sort of statistical average 
of the mechanical variables of kinetic theory. I personally am not sure that this 
sort of thing can be carried through “in principle,” because it seems to me that 
there are unsolved difficulties in applying the mathematical concepts of proba- 
bility theory to concrete situations. However, I think that everyone will agree 
that difficulties of this sort are mostly in the future, and that they will play an 
almost negligible role in constructing the practical tables which will ultimately 
result from our present deliberations. 

Mention above of van der Waals’ equation of state brings up another sort of 
consideration fundamental to the construction of critical tables. A complete re- 
production of the density (or volume) of any substance demands that it be given as 
a function of all the variables which are known to affect it. In general, these 
variables include such things as electric or magnetic fields, but for most purposes 
we may consider only the most important variables, which may be taken to be 
simply pressure and temperature. Even with this reduction, the complete tabula- 
tion of density as a function of pressure and temperature would usually demand a 
prohibitive amount of space. In many cases the experimental material can be 
reproduced by one or the other of the many equations of state that have been pro- 
posed, and the purpose of the tables is fulfilled if the constants of the equations 
for such substances are tabulated instead of the full range of experimental material. 
But these equations of state are usually erected on some sort of theoretical founda- 
tion, and acceptance of a specific equation involves some sort of commitment with 
regard to what is to be expected when the experimental range is extended beyond 
that now attainable. In such cases, some discussion of the theoretical background 
of the equation is necessarily involved in any critical presentation of the material. 
It may be that our theoretical understanding is not sufficient to justify any deduction 
of an equation of state, but that nevertheless empirical equations can be found 
which reproduce the experimental results within experimental error. In some other 
‘ases, it may be that our theoretical understanding, although incomplete, may be 
good enough to suggest that a particular type of equation is better adapted than 
some other. In such cases, discussion of the reasons for preferring this or that 
type of equation should be included with the numerical material. 

There is another sort of physical parameter which in practice is subject to much 
greater fluctuation than density, namely, breaking strength. Under the condi- 
tions of daily life, fracture is one of the most unmistakable things that can happen 
to one. Fracture is always catastrophic, irreversible, and there is no question 
when it has occurred. Nevertheless, in spite of the definiteness of the phenomenon, 
the parameters which characterize it are among the most indefinite of the parameters 
which it is the task of a critical table to tabulate. The breaking strength of dif- 


ferent specimens of ostensibly the same material may vary in a way frustratingly dis- 


couraging when it comes to practical applications. Differences of constitution which 
for other phenomena may be unimportant may be decisive with regard to strength, 
such as slight differences of chemical composition, or of surface condition, or of past 
history. We are gradually acquiring a better understanding of the way in which 
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some of these obscure factors work, and also the ability to make specimens more 
reproducible with regard to fracture phenomena, but still our control is much 
less adequate than with respect to nearly all other physical parameters. Added 
to the practical difficulties there is a conceptual difficulty, for the concept of break- 
ing strength becomes continuously less applicable when conditions are suitably 
varied, and eventually fails altogether. In particular, by raising the hydrostatic 
pressure to which a material is subjected the reduction of area before fracture 
may be increased indefinitely, so that eventually the material becomes incapable 
of tensile fracture and exhibits perfect plasticity. A further difficulty now ap- 
pears, because in the plastic range the behavior of the material is by no means 
uniquely defined, but there are different kinds of plasticity, one or the other of 
which may be called “perfect”’ from one or another point of view. Furthermore, 
in the plastic range a formidable difficulty of principle appears, because no reversible 
displacements whatever are possible. This means that it is impossible, at least 
for the present, to even define an entropy for the material. On the other hand, it 
has to be assumed that the material has an entropy whenever it is characterized in 
thermodynamic terms, as it is for purposes of a table. In spite of all this, it is 
essential for practical purposes to attempt to give in a critical table some charac- 
terization of the behavior to be expected of ordinary materials in the range of frac- 
ture and plastic flow. It does not as yet appear even what are the best sorts of 
parameters in terms of which to attempt the characterization. We are here de- 
pendent to an unusual degree on the expert in charge of this part of the table. 

This discussion has been concerned almost exclusively with parameters which 
may be characterized as “mechanical,” namely, density and strength. But I 
think it is evident that somewhat similar considerations could have been advanced 
with regard to the other parameters which are the proper subject matter of critical 
tables, such as the electrical or optical parameters. Always, I think, the same 
sort of situation will be encountered, namely, that as the accuracy of measvrement 
is increased and as we become acquainted with a wider range of new phenomena, it 
will become increasingly difficult to exhaustively define the conditions that are 
necessary to obtain reproducible results. Never will it be possible to deal with 
a world like this in a completely formal manner, nor will it ever be possible to 
reduce the construction of a set of critical tables to a rigid set of rules. Always 
will inspired common sense remain the most important requirement of those who 
are to produce the tables. 

* Introductory paper at the Gordon Conference on Information Processing for Critical Tables 
of Scientific Data, June 20, 1960, New Hampton, New Hampshire. 
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This note is concerned with the further development and application of an 
operator group described in a previous paper.' It is associated with the quantum 
degree of freedom labeled » = © which is characterized by the complementary 
pair of operators g, p with continuous spectra.2 The properties of such a degree 
of freedom are obtained as the limit of one with a finite number of states, spe- 
cifically given by a prime integer v. We recall that unitary operators U and 
V obeying 

os e* "UV 

define two orthonormal coordinate systems (u*| and (v*! , where 


2wik/v 
e 


and 


For any prime v > 2 we can choose the integers k and / to range from —!/(v — 1) 
to '/o(vy — 1), rather than from 0 tov — 1. An arbitrary state V can be represented 
alternatively by the wave functions 


vu) = G&l¥, pot) = wl 


where 


wy = Yl yu)? = ¥& lwo)! 2, 
k 


k 


and the two wave functions are reciprocally related by 


viut) = Do y-V? ee ttl” yy!) 
i 


y(v') = >; yp? g—Petklyy Yat) 
k 
We now shift our attention to the Hermitian operators 0, p defined by 

Uze™ Vase, €= (22/7) 

and the spectra 
q’, p’ = e[—1/2(v — 1) ..0 .. 1/2(v — 1)]. 

Furthermore, we redefine the wave functions so that 

v(uk) = e€/*Y(q’), wiv") = e€!/*b(p’) 
where « = Aq’ = Ap’, the interval between adjacent eigenvalues. Then we have 


wily a > Aq’ b(q') 2— > Ap’ ¥(p’) 
r p’ 


qd 
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W(q') = > Ap’(2n)-"2 ce” Wp’) 
p’ 

V(p’) = > Aq’ (27) 1/2 g—ta'p’ W(q'). 
q 


As v increases without limit the spectra of gq and p become arbitrarily dense and 
the eigenvalues of largest magnitude increase indefinitely. Accordingly we must 
restrict all further considerations to that physical class of states, or physical sub- 
space of vectors, for which the wave functions ¥(q’) and ¥(p’) are sufficiently well 
behaved with regard to continuity and the approach of the variable to infinity 


that a uniform transition to the limit » = © can be performed, with the result 


wy = f°. dq'|w(q’)|? = S2. dp'|W(p’)|? 
and 
(q’) = f°. dp’ (24)-!? e” Y(p’) 
Wp’) = f2. dq’ (24) e ia?’ V(q’). 


We shall not attempt here to delimit more precisely the physical class of states. 


Note however that the reciprocal relation between wave functions can be combined 


‘ 1 F “hs ee F P or ” 
¥(q') = 7 ~ et P | dq” e~* ” W(q") 
Soler a 


which must be an identity for wave functions of the physical class when the 
There will also be a class of functions 


into 


operations are performed as indicated. 
K(p’, €), such that 
jl,e—>O 


APs) 1g I p!| a» © 


; ns dp’ py Ie ; ” iq” p’ ” 
Lim i ied K(p’, ©) dq’ e~" ? Yq) 
Py » oT x 


e— 0 


. ; ” 1 ; , , ‘og’ , ” 
Lim { dq lf md K oe | v(q"). 
«> 0 a —o 60 


This is what is implied by the symbolic notation (Dirac) 


W(q') = Le . dq”5(qg’ — q")W(q") 


ae: ee 
5(q’ a q”) ic f , eiP (a q) 
—-o 67 


We shall also use the notation that is modeled on the discrete situation, with 


integrals replacing summations, as in 
(q q”) = Pps (q'\ p’)dp'(p'| q") = 5(q’ - q”), 


with 


, ’ rice ‘ 2 ig’ p’ 
(q’|p’) = (p’|q’)* = (2x)-? ef? 
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There are other applications of the limit »—> ©. The reciprocal property of the 
operators U and V is expressed by 


, | €6 | 
(qe? = q' + el, (ple = (p’ + «|, 


with an exception when q’ or p’ is the greatest eigenvalue, for then g’ + €or p’ + e 
is identified with the least eigenvalue, —q’ or —p’. We write these relations as 
wave function statements, of the form 


l 


€ 


l 
lq’ + el VW — (q’'| V] = (q'| — (e? — 1) 
€ 


l 
\(p’ + el YW — (p'|¥] = (p’ 
€ 
In the transition to the limit » = ©, the subspace of physical vectors W is dis- 
tinguished by such properties of continuity and behavior at infinity of the wave 
functions that the left-hand limits « —~ 0, exist as derivatives of the corresponding 
wave function. We conclude, for the physical class of states, that 


XS ee 
i dg IY = lee 


It will also be evident from this application of the limiting process to the unitary 
operators exp(zeq), exp(zep) that a restriction to a physical subspace is needed for 
the validity of the commutation relation 


[q, p] = 2. 
The elements of an orthonormal operator basis are given by 


1/2 wimn "y Imp" 


¢ 1/2 nwimnyv V"l Tm 


Vv v € 
or v—?U(q'p’), with 
U(q'p’) - pi/2iv’a’ ipa’ p—iv'a 
= (y—> ~) et(pa—P'a) 
Thus, since v~! = Aq’ Ap’/2z, we have, for an arbitrary function f(q’p’) of the 
discrete variables q’, p’, 


A "A E: , >... r y wy yw Y ns 
i = P irl (q'p yt (q’p")f(q’p”") = f(q'p’). 
T 


q”p” & 


In the limit » = © there is a class of functions f(q'p’) such that 
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dq"dp" 
9 


tr U(q'p')' } U(q"p")f(q"p") es f(q'p’), 


; 2a 
which we express symbolically by 

tr U(q'p’)'U(q"p") = 2x6(q’ — q")6(p’ — p”). 
In particular, 


tr e?1—-PD = 2xr5(q’)5(p’) 


{ UGdD ipa’ —v'a 
. ae 


where g and p on the right-hand side are numerical integration variables. 
The completeness of the operator basis U(q'p’) is expressed by 


lq'dp’ ,, DS ks . 
[ ms be A (q’p') X l (q'p’)' = 1a X. 
J-0 oF 


The properties of the U(q'p’) basis are also described, with respect to an arbitrary 


discrete operator basis XY (a), by 


dq'd y’ | 
{ 5 P a g'p') (y'p'\ a’) = 8a, a’) 
ray 


> (q'p'| a) (a! gp") = 246(q’ — g")i(p’ — p”). 


a 


When _X is given as F(q, p), the operations of the special canonical group can be 
utilized to bring the completeaess expressicn into the form 


x ] 'd / ’ 
l oocP Fg t+q.p+p’) = Ltr F(q, p). 


2r 


This operator relation implies a numerical one if it is possible to order F(q, p), 
so that all g operators stand to the left, for example, of the operator p: F(q; p). 
Then the evaluation of the (q’ = 0 p’ = ©) matrix element gives 


dqdp 


tr F(q, p) = F(q; p) 


‘ 2a 
which result also applies to a system with n continuous degrees of freedom if it is 
understood that 


dqdp dy.dp, 


=. 
24 Lut oe 

As an example of this ordering process other than the one already given by 

tr U(q'p’), we remark that 


1/2(@2+p2)B ; tq? tanh B _ig; P(sech B—1) 1/2P? tanh B 
é (cosh BB)? e~? ¢ } ¢ 


where 
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and therefore 


J 
ate’ dqdp > 2(42 49 Geo 
tr ¢ 1/2(9?+P*)B __ 14] (cosh B) 1 2 | 1/2(424+P*) tanh B ota ech B—1) 
—o 28 


l 


2 sinh J 0 = n=O 


("+1/2)8 


which reproduces the well-known non-degenerate spectrum of the operator 
'/2(q? + p?). 

Now we shall consider the construction of finite special canonical transformations 
from a succession of infinitesimal ones, as represented by the variation of a pa- 
rameter 7. Let the generator of the transformation associated with 7 > r+ + dr be 


drG, = dr(qP — p) 
where Q(r) and P(r) are arbitrary numerical functions of 7. That is, the in- 


finitesimal transformation is 


l 
q(t + dr) — q(r) = ; lg, drG,| = drQ(r) 


| 
pir + dr) — p(r) = — F [p, drG;] drP(r), 


which implies the finite transformation 
q(m1) — q(r2) = S27 drQ(r) 
p(n) — p(re) = fi drP(r). 
Some associated transformation functions are easily constructed. We have 


(r+ dr} = (r\ [1 + tdrG(x(r), 7)] 


(r! [q(r) P(r) — p(r)Q(7)], 


and therefore 
a ee ; 
1 Or ind Lola 
(q'r\ [q’P(7) — (p' + SC dr'P(r'))Q(1) || p’ re 
which, in conjunction with the initial condition 


x ; ; : , ; ) 
T2: (Q T|D Te (qd |p) (2 


2) —igte!» 
gives 
(q’t1| p’t2)2? = (29)—'/? exp [i(q’p’ + qd’ SZ drP(r) - p’ $2 drQ(r) - 

js drdr’Q(r)na(r — 7’)P(r’))] 
with 


jl, 7r> 7’ 
O,r< 7° 
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From this result we derive 
: Ly Oe > 
(q' 71 q" 72)? = thal (q’t1 p't2)® dp'(p’ q’) a 5(q/ ae q” rie 
Vis dr()(r)) eit Sate p—iS dtd7'Qn: P 
T2 ‘ 
and 


(p’71| p"72)e? = L np (p'| q')dq'(q'n1| p"72)8? = 
5(p’ ae p" a Ek drP(r)) e—P Sate e iS drat’ Qns F 


or, alternatively, 
i(p’ — p” ae SdrP) ein’ Sara eS att’ preg 


on using the fact that 


/ 


n(r — 7’) = 1— (7 — 7’) = 14 — 7). 


These transformation functions can also be viewed as matrix elements of the 
unitary operator, an element of the special canonical group, that produces the 
complete transformation. That operator, incidentally, is 


expli(q f2 drP(r) — p 7 drQ(r) -— 3 “ee drdr'Q(r)e(r — 7’)P(1'))] 


where «(7 — 7’) is the odd step function 

€= % — 7. 
We can compute the trace of a transformation function, regarded as a matrix, and 
this will equal the trace of the associated unitary operator provided the otherwise 
arbitrary representation is not an explicit function of 7. Thus 


tr¢ 71\ T))@P = Ps . dq'(q'71\ q'72)8” = ; pan dp'(p'r1| p’ 72)” =. 

20d (S72 drQ(r))8( fz! drP(r)) era P 
where, in view of the delta function factors, 74(7 — 71’) can be replaced by other 
equivalent functions, such as ny, — '/2 = !/2¢, or /2e(7 — 7’) — (r — 7’)/T, with 
T = 1 — 7. The latter choice has the property of giving a zero value to the 
double integral whenever Q(7) or P(r) is a constant. As an operator statement, 
the trace formula is the known result 

tr cpa —P® = 275(q')6(p’). 

It is important to recognize that the trace, which is much more symmetrical 
than any individual transformation function, also implies specific transformation 
functions. Thus, let us make the substitutions 

Q(r) > Q(r) — (q’ — @")8(r — 1 + €T) 
,e> +0 
P(r) > P(r) + p’i(r — 12 — eT’) 
and then indicate the effect of the additional localized transformations by the 
equivalent unitary operators, which gives 
irr; eid a”) p(T) piv ar? rer = f°. dq fe q’ at q’ 11| qr2)9? ei? a. 
Accordingly, if we also multiply by exp(—ip’q”) and integrate with respect to 


dp'/2x, what emerges is (q’71\ q"72)2”, as we can verify directly. 
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We shall find it useful to give an altogether different derivation of the trace 
formula. First note that 
tr(r1| (q(71) — q(t2))| 72) = y Sag dq'(q'n| (q’ — q')\ q's) = 0 
and similarly 
tr(r1| (p(71) — p(rs))| 72) = 0 


which is a property of periodicity over the interval 7 = 7, — 7. Let us, therefore, 
represent the operators g(r), p(7) by the Fourier series 


x ») ) 
g(r) = qo t+ u (mn) la cos = (r — t2) + q_, 5in (7 — r)| 


« 9 ») y 
p(t) = po + dX (mn) | -p. sin le LF = 2) D4. 008 le (r — r) |; 
1 


where the coefficients are so chosen that the action operator for an arbitrary special 
canonical transformation 


Wie = S27! ['/2(pdq — dpq) + dr(qgP — pQ)] 


acquires the form 


@ 


Win = DY’ Dadn + YD (QnPn — DaQn)- 


Here the dash indicates that the term n = 0 is omitted, and 


Qo = F in drQ(r), Po = P fo drP(r) 


Tl 9 

~« = (an)? { drQ(r)(—sin, cos) (= (r — 7) 
Tl 9 

. = (an f drP(7r)(cos, sin) Pe (r — r)). 


The action principle for the trace is 
6 tr (rij 72) = 2 tr (| 6[Wi2]| 72) 
and the principle of stationary action asserts that 
Qo tr (73) 72)9? = Po tr (74| 72)8” 
together with 
tr (7:1 (Gn — Qn)| 72/9? = tr (ri) (pn + Pr)| 72)9? = 0. 
The first of these results implies that the trace contains the factors 6(Qo) and 


5(P,). The dependence upon Q,, P», n + 0, is then given by the action principle as 


a0, (tr) = ttr (71) (—pa)| 72) = t Pr (tr) 


fe) 
oP (tr) = ctr (r1\ qn| tz) = 1Q,(tr). 
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x 
tL’ QnPn 


lr (7 T,)eP = 275(Qo)6(Po) owe 
where the factor of 27 is supplied by reference to the elementary situation with 


constant Q(r) and P(r). We note, for comparison with previous results, that, 


l i , : 2an . 7 
OP, + Q_,P. = drdr’(Q(7r) sin , (7 — 7’)) P(r’) 
U v2 


nT 


. 2an , , T— 7 
sin —— (r — 7) = */2e(r—7T) — = 
1 wn 1 7 


The new formula for the trace can be given a uniform integral expression by using 


( iQP { dqdp et Pd+¢P — PQ) 
oe > 


tr (7 T)P = S dq, p| eiW 4, my 


the representation 


for now we can write 


where 


1q,dp» 
aq, p] = 1 “st 


and W|[q, p| is the numerical function formed in the same way as the action operator, 
Wliq, p| = pm Prdn + > (QnP a — PaQs)- 


Alternatively, we can use the Fourier series to define the numerical functions 
q(r), p(r). Then 


Wlq, p| = | : ['/o(pdy — dpq) + dr(qgP — pQ)] 


and d{q, p| appears as a measure in the quantum phase space of the functions 
q(r), p(t). 

It is the great advantage of the special canonical group that these considerations 
can be fully utilized in discussing arbitrary additional unitary transformations, 
as described by the action operator 


We = n o(pdq — dpq) + dr(qP — pQ) + drG(x(r), 7)]. 


First, let us observe how an associated transformation function (71) 72)¢@” depends 
upon the arbitrary functions Q(7), P(7). The action principle asserts that 


5QP (71) 72 ur { dr(qsP — péQ)| r2) = if dr|5P(17)(11\ g(r) | 72) — 
6Q(17)(71| p(7) | 72) | 
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which we express by the notation 
Se 
—1 
5P(r) 
6 
t (T] 
5()(7) 


(71| T2) = (71! G7)! T2) 


T2) = (71) p(t)| 72). 


More generally, if F(r’) is an operator function of x(7r’) but not of Q, P we have 
(r1| F(r’)| 72)e@” = (ral r’)e@? X (r’| F(r’)| 2’) X C7’ |r) a2”, 


where | 7’) X (7’| symbolizes the summation over a complete set of states, and 


therefore 


(71| F(r’)| 72) = (ry (g(r) F(1’))o T2) 


U ~ 
6P(r) 


L (71) F(r’)| r2) = (11) (p(7) F(17’))o| 72). 

6Q)(7) 
Here ( )o is an ordered product that corresponds to the sense of progression fromi 
7, to 71. If 7 follows 7’ in sequence, the operator function of 7 stands to the left, 
while if + precedes 7’ the associated operator appears on the right. This description 
covers the two algebraic situations: 7; > 72, where we call the ordering positive, 
( )+, and 7; < 72, which produces negative ordering, ( )-. For the moment 


take 7; > 7. and compare 


(711 g(r + O)| m2) = (11) G(r) p(7)| 72 


; 
6()(7) 


with 
oa 
1 
5Q(7) 


(711 G(r — O)| t2) = (11) pr) q(7)| 72). 


The difference of these expressions, 


6 
i (nil [q(7 + 0) — g(r — 0)]| 72) (ri! [g(7), p(r) ]| 72), 
5Q)(7) 
refers on one side to the noncommutativity of the complementary variables qg and 
p, and on the other to the “equation of motion” of the operator g(r). According 
to the action principle 
dq OG 


dr Op 


and therefore 
q(r + 0) — g(r — 0) = Lim 


which yields the expected result, 


e 


0 


t= (nil [g(r + 0) — g(r — 0)]) 12 
6()(7) 





1410 PHYSICS: J. SCHWINGER Proc. N. A. S. 


Thus, through the application of the special canonical group, we obtain functional 
differential operator representations for all the dynamical variables. The general 
statement is 


; ; ee 
(71| F'(q, P)o| T2) = F ~* 5p’ ’ 50) \T1| T2) 


where F'(q, p)o is an ordered function of the g(r), p(r) throughout the interval be- 
tween 7. and 7;, and, as the simple example of q(7)p(r) and p(r)q(7) indicates, 
the particular order of multiplication for operators with a common value of 7 
must be reproduced by a suitable limiting process from different 7 values. 

The connection with the previous considerations emerges on supplying G with 
a variable factor \. For states at 7, and 7» that do not depend explicitly upon \ 
we use the action principle to evaluate 


) 


TI 
(T1 T2), qe? = UT) i) drG(qpr) T2),G?P 
OX r 


Dic (il ? te een 
1 drG | —1 SP’ 1 Pa rt) (71) T2),¢2”. 


The formal expression that gives the result of integrating this differential equation 
from 0torA = lis 


71 ; 6 F 6 
(71| T2)G@P exp | 1 drG | —1 ® ft (71| T2)@? 
re cP 8g 


where the latter transformation function is that for \ = O and therefore refers 
only to the special canonical group. An intermediate formula, corresponding to 
G = Gi + G., contains the functional differential operator constructed from G, 
acting on the transformation function associated with G,. The same structure 
applies to the traces of the transformation functions. If we use the integral 
representation for the trace of the special canonical transformation function, and 
perform the differentiations under the integration sign, we obtain the general 
integral formula® 


tr T1| Te ) ga on S dq, ple" p| 


Here the action functional W{q, p] is 
Wlq, p] = i ['/2(pdq — dpq) + dr(q(r)P(1r) — p(r)Q(7)) + drG(q(r)p(7)7)], 


which is formed in essentially the same way as the action operator Wy», the multi- 
plication order of noncommutative operator factors in G being replaced by suitable 
infinitesimal displacements of the parameter rt. The Hermitian operator G can 
always be constructed from symmetrized products of Hermitian functions of q 
and of p, and the corresponding numerical function is real. Thus the operator 
'/s) filq(r), fo(p(r){ is represented by '/o(fi(q(r + ©) + filg(r — ©))fo(p(>)), 
for example. One will expect to find that this averaged limit, « —~ 0, implies no 
more than the direct use of f1(q(7)fo(p(7)), although the same statement is certainly 
not true of either term containing «. Incidentally, it is quite sufficient to construct 
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the action from pdq, for example, rather than the more symmetrical version, in 
virtue of the periodicity. 

As a specialization of this trace formula, we place Q = P = 0 and consider the 
class of operators G that do not depend explicitly upon 7. Now we are computing 


tr gilG a i 3 d{q, ple'Wl, P) 


1 
Wiq, p| = f (pdq + drG), 
0 


in which we have used the possibility of setting 7, = 0. A simple example is 
provided by G = '/2(p? + q’), where 


7 r 
W = '/oT (po? + qo?) + LD | por + ; (Pr? + a) | 
x Tn 


dqdp eiT1/2 p*+q") , 4 I] i) dqdp el/2t(2aP+T/2an p® +4") E = 
2a 1 2 le 


e.. l 1 
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Pry (FY 2 sin '/27 
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This example also illustrates the class of Hermitian operators with spectra that 
are bounded below and for which the trace of exp (<7G) continues to exist on giving 
T a positive imaginary component, including the substitution 7 — 78, 8 > 0. 
The trace formula can be restated for the latter situation on remarking that the 
Fourier series depend only upon the variable (r — 72)/7’ = \, which varies from 
0 to 1, and therefore 

ty 6 FF S dq, ple“ (a, PI 


. _ dq ' 
wig, p| = dy | —tip + BG(q(A)p(A)) |}. 
0 dy 


Another property of the example is that the contributions to the trace of all 
Fourier coefficients except n = 0 tend to unity for sufficiently small 7 or 8. This 
is also true for a class of operators of the form G = '/sp? + f(q). By a suitable 
translation of the Fourier coefficients for p(A) we can write wlq, p| as 


-fa 1/s8p(d)? (a) + (g(r 
w= git 2Bp(X) T 98 Dd Bi(q(A)) 


For sufficiently small 8, the term involving dq/dd, to which all the Fourier coeffi- 
cients of q(A) contribute except qo, will effectively suppress these Fourier coefficients 
provided appropriate restrictions are imposed concerning singular points in the 
neighborhood of which f(q) acquires arge negative values. Then f(q(A) ~ f(qo)) 
and we can reduce the integrations to just the contribution of gq and po, as expressed 


*  dqdp 
tr e—Pa, PY mw { ( 
2r 


by 
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Comparison with the previously obtained trace formula involving the ordering of 


operators shows that the noncommutativity of g and p is not significant in this limit. 


Thus we have entered the classical domain, where the incompatibility of physical 
properties at the microscopic level is no longer detectible. Incidentally, a first 
correction to the classical trace evaluation, stated explicitly for one degree of 


freedom, is 


> 1 ” 1/2 
tr e-BUR2P+I@) ~w | ay e—BI(a 2B ()) . 
(278) }/? sinh !/s8(f"(q))*/? 


which gives the exact value when f(q) is a positive multiple of q?’. 
Another treatment of the general problem can be given on remarking that the 
equations of motion implied by the stationary action principle, 


dq OG dp OG 
+ Q, -- 


rs; 
dr Op dr Og 


can be represented by functional differential equations‘ 


| ¢ 1 5 4 2g . oe * | Q | oe 
(—2 - —i—,1 — ((r) |< Gg = 
dr 6P(r) | Op bP” 8Q ce Reader 


a ee OG a 
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These equations are valid for any such transformation function. The trace is 
specifically distinguished by the property of periodicity, 


( 6 6 ( 6 6 ) 
aes tr (71) T2)g@? = = (tr) = 
6Q(71) 5Q)( 72) 6P(71) 6P (12) 


which asserts that the trace depends upon Q(r), P(r) only through the Fourier 
coefficients Q,, P,, and that the functional derivatives can be interpreted by means 
of ordinary derivatives: 


5 P) si _ Qan Py) 
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Now introduce the functional differential operator that is derived from the 
numerical action function We,lg, p| which refers only to the transformation 
generated by G, namely 


* eo 6 nu] 6 6 es ‘ae 
We|-2 2 a / d +drG\ —7 i—, r) |, 
6P 6Q Sete ar 6P 6Q 


and observe that the differential equations are given by 
(a[We, Q(r)] + Q(r)) tr (11) 7262? = 0 


([We, P(r)| + P(r)) tr (71) 7262? = 0, 
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or by 
eWaQ(r)e—™G(tr) = e*eP(r)e-"G(tr) = 
The latter form follows from the general expansion 
e4Be-4 = B+ [A, B] + '/2![A, [A, B]] + 


on noting that [W,, Q(r)], for example, is constructed entirely from differential 
operators and is commutative with the differential operator W,. Accordingly, 


Q(r)e—*e(tr) = P(r)e—e(tr) = 0, 


which asserts that exp(—iW,)(tr) vanishes when multiplied by any of the Fourier 
coefficients Q,, P, and therefore contains a delta function factor for each of these 
variables. We conclude that 


tr (71) Ta) Ge? = e'Wal SORES S160 6(Q, P| 


where, anticipating the proper normalization constants, 


6(Q, P|] = IL 276(Q,)5(P,). 


— @ 


A verification of these factors can be given by placing G = 0, which returns us 
to the consideration of the special canonical transformations. In this procedure 
we encounter the typical term 


ef 2/20 227 2n5(Q)5(P) = e'er 


the proof of which follows from the remarks that 


fe) 
(0 4 1 Je 0/0Q 0/OP — pi 0/0Q d/oP () 
oP : 


dP : 
ef 0/02 2/0P 2n5(Q))5(P) = 5(Q). 


—o Ir 
The result is just the known form of the transformation function trace 


i— y/ QnPn 
ir (T1 T2)@P — 275(Qo)5(P ode 
When integral representations are inserted for each of the delta function factors 
in 6[{Q, P], we obtain 


Qn 


, > dq,dpy 
QP} = TI { EP ehitarn— Pat) = S° dlq, p] et fer —Ma” 
and the consequence of performing the differentiations in W, under the integration 
signs is® 
tr (11| tg? = S d{q, ple™ ™ 


where the action function W[q, p| now includes the special canonical transformation 
described by Q and P. 
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We shall also write this general integral formula as 
tr (ri| ra)” = S dla, pl et fiero emote, 71 


in order to emphasize the reciprocity between the trace, as a function of Q,, P, or 
functional of Q(7), P(r) and exp(tWelq, p]) as a function of gp, p, or functional of 
q(r), p(r). Indeed, 


eimatt. = Sf d[Q, Ple* fn 7-70 tr (ri| r)a®”, 
where 
~. a0.dP. 
d(gQ.P] = m 
-»o 29 
is such that 


S dQ, P\s(Q, P] = 1 


A verification of the reciprocal formula follows from the latter property on inserting 
for the trace the formal differential operator construction involving 6[Q, P]. The 
reality of We[q, p] now implies that 


S AQ, Pld{(Q’, P’Je* SU e—P)—PQ—e) (tr)or* (tr)e’r! = | 
or, equivalently, 
S A[Q, P\(tr)* +1*(tr)x+%2 = 8[Q, — Qe, Pi — Po] 
where Y combines Q and P. 
The trace possesses the composition property 
tr (tTo| T1)G?? XK tr (| T2)\q2?_ = tr (To| T2)q?”. 


The operation involved is the replacement of Q(7), P(r) in the respective factors 
by Q(7) ¥ q/i(7 — 1), P(r) ¥ p’i(r — 11) followed by integration with respect 
to dq'dp'/2x. The explicit form of the left side is therefore 


, , 
dq'dp ' | wer 
[ - } tr (ro et[P())a’ pla(7)) 7} gaP tr (r1| € i[ D(7,)a/ —pla(7)] | T2)gaP 
. av 


or 


% © da'dp' te : | 
> : I (a’to| U(q'p’) a'r) (a"74\ C (q'p’)t\a"r2) = 


2a 


a’a 
Dd (a’ro| (a’, a”)| a" 72) = tr (ro| 72)48?, 
Sa. 

in view of the completeness of the operator basis formed from q(71), p(71). 

No special relation has been assumed among 79, 7: and 72. If zr» and 72 are 
equated, one transformation function in the product is the complex conjugate of 
the other. We must do more than this, however, to get a useful result. The most 
general procedure would be to choose the special canonical transformation in 
tr (r2| Tig” = tr (r1| T2)¢2?* arbitrarily different from that in ¢r (71 T2)¢2?. The 
ealculational advantages that appear in this way will be explored elsewhere. 
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Here we shall be content to make the special canonical transformations differ 
only at t.. The corresponding theorem is 


| 


tr (r2\ 11)¥4*! X tr (ry| 72)¥t*" = 2Hd(q' — q")5(p’ — p”) 


where 
Q'(r) = —q'i(r — 12), P(r) = —p’i(r — 72) 


and similarly for Q’(r), P”(r). This statement follows immediately from the 
orthonormality of the U(q'p’) operator basis on evaluating the left-hand side as 


tr e194 PIA) gtlP(rDa"—PYUCTD = Qed(q! — q”)4(p! — p"). 


* Supported by the Air Force Office of Scientific Research (ARDC). 

1 These ProcnEepINGs, 46, 883 (1960). 

2 These PRocBEEDINGS, 46, 570 (1960). 

3 This formulation is closely related to the algarithms of Feynman, Phys. Rev., 84, 108 (1951), 
Rev. Mod. Phys., 20, 36 (1948). It differs from the latter in the absence of ambiguity associated 
with noncommutative factors, but primarily in the measure that is used. See Footnote 5. 

‘ These are directly useful as differential equations only when G(qp) is a sufficiently simple 
algebraic function of g and p. The kinematical, group foundation for the representation of 
equations of motion by functional differential equations is to be contrasted with the dynamical 
language used in these ProceEpiInas, 37, 452 (1951). 

5 In this procedure, g(r) and p(r) are continuous functions of the parameter r and the Fourier 
coefficients that represent them are a denumerably infinite set of integration variables. An 
alternative approach is the replacement of the continuous parameter 7 by a discrete index while 
interpreting the derivative with respect to 7 as a finite difference and constructing 6[Q, P] as a 
product of delta functions for each discrete 7 value. With the latter, essentially the Feynman- 
Wiener formulation, the measure d[q, p] is the product of dgq(r)dp(r)/2x for each value of r, 
periodicity is explicitly imposed at the boundaries, and the limit is eventually taken of an infinitely 
fine partitioning of the interval 7’ = 7; — 72. The second method is doubtless more intuitive, 
since it is also the result of directly compounding successive infinitesimal transformations but it is 
more awkward as a mathematical technique. 


OPPOSITE MECHANICAL RESPONSES OF TONIC MUSCLES 
TO ACETYLCHOLINE STIMULATION IN NON-IONIC AND IONIC 
SOLU TION S* 

By M. R. Swirt, H. P. Gorpon, ann W. G. VAN peER Kioor 
DEPARTMENT OF PHARMACOLOGY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 


Communicated by Homer W. Smith, August 23, 1960 


Studies of the links between the excitation of the muscle membrane and the 
activation of the contractile substance have often focused attention on the move- 
ment or change of state of certain metallic cations.‘~* One hazard in inter- 


preting these studies is that cardiac, smooth, and ordinary skeletal muscles are 
excited by action potentials passing along the cell membranes; conduction itself 
has specific ionic requirements‘ and, therefore, changing the external ionic environ- 
ment may modify contraction by affecting conduction. Because of this we chose the 
frog rectus abdominus, a muscle which contains a high proportion of tonic fibers. 
Tonic fibers are excited at end-plates spaced over their entire length and never 
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conduct an action potential.»® The normal stimulus can be mimicked simply by 
bathing the muscle in solutions containing acetylcholine (ACh). We have studied 
the mechanical response of the rectus to ACh in isotonic, ion-free solutions and in 
solutions in which each of the cations of Ringer’s solution was singly replaced. 
The results help to limit acceptable theories of excitation-contraction coupling, if a 
single hypothesis, applicable to all types of vertebrate muscle fibers, is desired. 

Materials and Methods.—The rectus abdominis of Rana pipiens was prepared by 
splitting the muscle down the midline. When “paired muscles’ were required, 
one half served as a control. The iliofibularis and sartorius were also used, as 
indicated later. Muscles kept in the experimental solution for several hr or more 
were held at 4°, and the volume of solution used was so large that outflow from the 
muscle did not appreciably alter the composition of the medium. For tension 
recording, the muscle was tied in a simple chamber and connected at one end to a 
Grass strain gauge which led to an inkwriter. All solutions were made from dis- 
tilled water which had subsequently passed through a demineralizing column 
(Illinois Water Treatment Company). The Ringer’s contained 117 mM NaCl, 
tmM NaHCO; 3 mM KCl, and 2.7 mM CaCl, and isotonic sucrose contained 
78 grams/liter. All solutions containing a single salt at a specified concentration 
were made isotonic with sucrose. ACh was used at a concentration of 50 ug/ml, 
except in plotting the dose-response curve and in studying the effect of curare or of 
potentiating agents. All the results reported represent at least three experiments, 
although on most points many more muscles were studied. 

Results.—-1. The removal of ions from the extracellular fluid: When isotonic 
sucrose replaces Ringer’s solution in the muscle chamber, the rectus undergoes a 
slow contracture.” The total increase in tension is between 1.5 and 4.0 gm and the 
time needed to reach the peak is as short as 30 min or as long as several hr. If the 
rectus is then challenged with ACh in sucrose, the muscle rapidly relaxes. While 
the ACh remains in the chamber, the muscle very slowly returns to the tension 
maintained before the challenge. Washing the muscle with isotonic sucrose per- 
mits a much more rapid return to the “‘baseline.”” This ‘relaxation response’ to 
ACh in sucrose is the mirror image of the abrupt contracture elicited by ACh in 
tinger’s (the response commonly measured in ACh assay). Relaxation is seen 
usually within 1 or 2 sec after adding ACh to the rectus bathed in sucrose and, in 
most instances, the maximum relaxation is reached smoothly in less than 30 sec. 
With an adequate pre-soak in sucrose, most of the muscles relaxed between one and 
two gm when challenged. Figure 1 shows the response of a rectus to ACh chal- 
lenge in both Ringer’s and sucrose. 

The “relaxation response” can be elicited repeatedly from a rectus immersed in 
sucrose, although the amplitude may decline somewhat after several trials. The 


ability of the rectus to contract in response to ACh is rapidly restored by substi- 


tuting Ringer’s for sucrose in the muscle chamber; a contraction is obtained upon 
challenge one minute after the Ringer’s is introduced, although a longer soak in 
Ringer’s is necessary for maximum recovery. Full recovery, to the pre-sucrose 
level, is not seen. It should be emphasized that the conversion of a normal ‘“con- 
tracting’’ rectus to a “relaxing’’ one by soaking in sucrose takes much longer than 
the return of the normal response by reimmersion in Ringer’s. 

The “relaxation response”’ could reflect the action of ACh at sites entirely distinct 
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Fic. 1.—The response of a single rectus muscle to ACh (50 ug/ml) stimulation 
in Ringer’s (A) and sucrose (B). f indicates ACh addition to the muscle 
chamber and | indicates a wash. An upward deflection reflects an increased 
muscle tension. ‘Tension calibration one gm (note different scale in A and B) and 
time calibration one min. 


from those involved in normal membrane excitation. If ACh does act in such a 
peculiar fashion when external ions are lacking, it will not be possible to correlate 
the mechanical responses to ACh challenge with the composition of the extra- 
cellular fluid. A pharmacological comparison of sites of action of ACh was made 
by studying the dose-response curves and the effects of curare and of potentiating 
agents on paired muscles in sucrose and Ringer’s. The minimum ACh concen- 
tration adequate to elicit relaxation of the muscle in sucrose was between 0.5 and | 
ug/ml, while the muscles in Ringer’s had thresholds between 0.1 and 0.5 pg/ml. 
Both contraction and relaxation increased in amplitude as the ACh concentration 
was increased to 50 ug/ml. In sucrose, challenges at this concentration tend to 
have a deleterious effect on subsequent responses, so it is difficult to plot the curve 


past this point. The dose-response curves obtained for a typical pair of muscles 
are shown in Figure 2 

Agents known to block or potentiate ACh were studied on paired muscles in 
sucrose and Ringer’s in the following way: the dose-response curves to ACh were 


determined, the blocking or potentiating drug was added, and the response to 
different concentrations of ACh was measured again in both solutions. By com- 
paring the records, the dose of ACh required to produce the same response before and 
after the addition of the drug was calculated The potentiating drug used was 
3-hydroxyphenyldiethylmethylammonium ; this drug made ACh two to three times 
more effective in both Ringer’s and sucrose. Physostigmine also appeared to 
potentiate ACh in both solutions. d-Tubocurarine so reduced the effectiveness of 
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Kia. 2.—The ACh dose-response curves for a single pair of muscles in sucrose (open 


circles) and Ringer’s (closed circles). The values plotted for the muscle in sucrose are the 
percentage of the maximum relaxation amplitude, while the responses of the Ringer’s 
muscle are plotted as percentage of the maximum contraction. 


ACh in sucrose that 25 to 50 times as much was needed to produce a given relaxa- 
tion; in Ringer’s the same treatment raised the ACh requirement only 1.5 to 4 
times. It seems that d-tubocurarine is more effectively bound to its receptor on the 
muscle in solutions of low ionic strength, as would be predicted by the Debye- 
Hiickel-Onsager theory of electrolytes.? The results with blocking and potentiating 
drugs suggest that ACh is acting on the same membrane receptors regardless of 
whether contraction or relaxation is elicited. 

The “relaxation response’ in sucrose is not limited to the rectus. The ilio- 
fibularis, known to contain many tonic fibers, also relaxes upon ACh challenge in 


sucrose, although the amplitude of response is smaller. The sartorius, studied 


because tonic fibers are almost entirely absent from it, has not shown the relaxation 
response. This may reflect, simply, the low density of end-plates in a “twitch” 
muscle. 

The “relaxation response” of the rectus is obtained after soaking the muscle 
in isotonic glucose or in a-methyl d-glucoside, although the amplitude is much less 
in glucose than it is in sucrose. This may explain why Vanremoortere™ did not 
report it. 

Muscles soaked in sucrose for 48 hr still relax upon ACh challenge--when Ringer’s 
is introduced into the muscle chamber, contractions can then be elicited. 

2. The return of ions to the extracellular fluid: In this series of experiments, 
muscles were challenged in Ringer’s, then soaked in sucrose for 5 or 6 hr. During 
the last hr of the sucrose soak, the muscle was held under tension at room tempera- 
ture ‘The sucrose was then replaced with a solution containing either NaCl, 
KCI, or CaCl. and within 4 min the muscle was challenged with ACh made up in the 
same solution. When several concentrations of a salt were tested on the same 
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muscle, 15 min of soaking in sucrose separated the tests. Control challenges in the 
sucrose always gave a “relaxation response.”’ 

a. Potassium: Following a 5-hr soak in sucrose, the introduction of 3, 20, 
60, or 120 mM KCI always elicited a rapid contraction. When the muscle had 
relaxed to a stable tension, ACh challenge brought about either no mechanical 
response or, in a few instances, a slow, gradual relaxation. 

b. Calcium: The addition of a solution containing 3, 20, 60, or 80 mM of 
CaCl, caused a rapid relaxation by the rectus, the tension decreasing by as much 
as 2.5 gm. In 3 or 20 mM CaCl:, ACh challenge gave either a full relaxation re- 
sponse, a diminished relaxation, or, in a few instances, a slight contraction. With 
60 or 80 mM CaCl. present, a slight contraction was always seen. The amplitude of 
the contraction never exceeded 0.3 gm and was never more than 10 per cent of the 
tension produced by the same muscle in Ringer’s. 

c. Sodium: The addition of a solution containing 2, 5, 10, or 125 mM NaCl 
almost always caused a slight relaxation; after one min the muscle tension was 
stable. With 2mM NaCl present in the chamber all of the muscles relaxed slightly 
to ACh challenge, while with 5, 10, or 125 mM NaCl present definite contractions 
were always elicited. Isotonic Na:SO, was also effective in restoring contractility. 
After 1 min in 125 mM NaCl the contractions averaged 40 per cent of the initial 
Ringer’s response, in 10 mM NaCl the average was 17 per cent, and in 5mM NaCl 
the average was 14 per cent. Apparently the contraction is graded according to 
the concentration of sodium in the external medium. 

Since NaCl alone was so effective in restoring the contraction of the rectus, 
several muscles were soaked overnight in isotonic NaCl to determine how long the 
‘apacity to contract was maintained with only Na* and Cl~ in the bathing fluid. 
After the muscles were challenged in NaCl, the solution was replaced by Ringer’s 
and a second ACh contraction was elicited for comparison. Muscles soaked 16 
to 19 hr in isotonic NaCl gave responses which averaged 51 per cent of the ampli- 
tude of the same muscles responding in Ringer’s; the contractions in NaCl ranged 
from 1.5 to 6.1 gm. After 23 to 25 hr in isotonic NaCl, the response of 7 muscles 
averaged 17 per cent of the response subsequently obtained in Ringer’s. It is 
clear that the ability to contract is retained in NaCl solutions, but that there is a 


slow decrease with time in the amplitude of the response which can be obtained. 


Discussion.-The ‘relaxation response’ of the rectus to ACh in ion-free solutions 
is probably ‘physiological’ since it is rapidly reversed by restoration of a more 
normal external medium. ACh is as effective in stimulating the muscle in isotonic 
sucrose as it is in Ringer’s solution. The mechanical response to ACh challenge 
in sucrose shows that ACh excites the membrane even when ious are absent from 
the extracellular fluid. In addition, the fact that the mechanical response is re- 
versed rather than abolished by the removal of external ions suggests that these 
ions have a rather specific role in the activation of muscle contraction, a proposal 
often made and still not confirmed. It is intriguing to conjecture that the ‘relaxa- 
tion response’ reflects the operation of the excitation-contraction coupling in a 
direction opposite to the customary one. If this is true, ideas about the relation 
of physical and chemical events to the mechanical response of muscle fibers can be 
put to a simple test in the rectus preparation with ACh stimulation, a system not 
subject to extreme alterations in excitability and independent of action potential 





1420 PHYSIOLOGY: SWIFT ET AL. Proc. N. ALS. 


conduction. If, for example, the movement of a specific ion in a certain direction 
is thought to be necessary for physiological contraction, it should be possible to 
show that this ion moves in the opposite direction during ACh-sucrose relaxation. 

One event common to the activation of all muscle fibers is a momentary increase 
in membrane permeability, either a selective increase during the action potential 
in twitch and cardiac fibers,'! or a relatively non-specific increase in permeability 
during the period of ACh action at the end-plate of twitch’? and tonic fibers.'* 
When this permeability increase occurs, ions such as Nat and Ca++ which have 
been restrained are now free to flow inward; it might be thought that one of these 
ions is the essential “trigger” for contraction. In the rectus-ACh system, it might 
seem that ‘trigger ion” is Nat since the muscle contracts in response to ACh with 
only sodium salts added in the extracellular fluid. However, external Nat is not 
needed for contraction in all instances; a rectus soaked for hours in sucrose will 
contract when KCl is introduced into the muscle chamber (ref. 10, Par. 2a). 

Extracellular Ca++ has been shown to be necessary for conduction in frog nerve 
and also for the contraction of some muscles under certain conditions.' ‘4 It is 
important to emphasize that Ca++ need not be added to the external medium in 
the simple rectus-ACh system. This observation has been made before.'® How- 
ever, it cannot be emphatically stated that extracellular Ca++ is unimportant, 
because some Ca++ must be contributed to the extracellular fluid by diffusion from 
the muscle, and only 0.01 mM of external Ca++ is sufficient to maintain conduction 
in an isolated single nerve fiber.* 

The sodium ion appears to have a specific role in the stimulation of tonic fibers 
by ACh. This role can conveniently be described in terms of the gradient of 
sodium concentration across the membrane. Normally the relation of (Na*), 
to (Nat); is such that sodium flows in during membrane excitation. It is proposed 
that the sodium influx drives an event in the membrane in a specific direction, and 
that this leads to contraction. When the (Na*)o is very low, the increase in mem- 


brane permeability during ACh stimulation leads to a flow of Na outwards; the 


hypothetical membrane event is driven in the opposite direction, and the muscle 
rapidly relaxes. 

It is possible that the role of the sodium ion in this system is simply to change 
the potential on the membrane: inflow causing depolarization and outflow hyper- 
polarization. The possibility that membrane depolarization is always correlated 
with contraction and hyperpolarization with relaxation in this system is being in- 
vestigated by intracellular electrical recording. 

In general, it is noteworthy how long the frog rectus abdominis can be maintained 
in isotonic ion-free solutions or in solutions of peculiar composition and still respond 
to appropriate stimulation. It reminds us again that the components of the 
medium Ringer devised to support the rhythmic beat of the heart are not important 
in the same way in sustaining the responsiveness and contractility of an inactive 
muscle. This distinction may be of general importance in understanding the role 
of the physiological ions in the functioning of normal excitable cells. 

Summary.—\. In ion-free, isotonic solutions, the frog rectus abdominis and 
other ‘tonic’ muscles undergo a slow contracture. When the muscles are then 
stimulated with acetyleholine (ACh), they exhibit a rapid relaxation in which the 
tension decreases by as much as two grams. 
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2. The relaxation response, like contraction, is blocked by tubocurarine and 
increased by ACh-potentiating drugs. 

3. Returning Nat to the external fluid immediately restores the capacity of the 
rectus to contract to ACh. None of the other cations or anions of Ringer’s solu- 
tion in physiological concentrations restores this contraction. However, muscles 
will contract to KCI stimulation when Nat is not present in the extracellular fluid. 

1. If the relaxation response of the rectus in ion-free solutions is the reverse of 
normal contraction, ideas about the relation between chemical and physical events 


and muscle contraction can be easily tested in this simple experimental preparation. 


* Supported by U.S. Public Health Service research grant B-1870 from the National Institute. of 
Neurological Diseases and Blindness. 

' Shanes, A. M., Pharm. Rev., 10, 165-276 (1958). 

2 Sandow, A., Yale J. Biol. Med., 25, 176-201 (1952). 

* Bianchi, C. P., and A. M. Shanes, /. Gen. Physiol., 42, 803-815 (1959). 

‘ Frankenhaeuser, B., J. Physiol., 137, 245-260 (1957). 

> Kuffler, S. W., and FE. M. Vaughan Williams, J. Physiol., 121, 289-317 (1953). 

6 Thid., 318-340. 

7 Fenn, W. O., Amer. J. Physiol., ©7, 635-647 (1931). 

* Smith, C. M., H. L. Cohen, I. W. Pelikan, and K. R. Unna, J. Pharm. Exper. Ther., 105, 
391-399 (1952). 

9 Jenkinson, D. H., J. Physiol., 152, 309-324 (1960). 

 Vanremoortere, ., Am. J. Physiol., 154. 455-458 (1948). 

'! Hodgkin, A. L., Biol. Rev., 26, 339-409 (1951 ). 

'2 Del Castillo, J., and B. Katz, J. Physiol., 128, 157-181 (1955). 

'S Burke, W., and B. L. Ginsborg, J. Physiol., 132, 599-610 (1956). 

' Frank, G. B., Nature, 182, 1800-1801 (1958) 

'% Denton, E. J., J. Physiol., 107, 32P (1948). 








INFORMATION TO CONTRIBUTORS 


Tue ProceepinGs is the official organ of the Nationa, Acapmmy or ScrENncEs 
and of the Nationa Resparca Councit for the publication of brief accounts of 
important current researches of members of the Acapmmy and of the Counct and 
of other American investigators. The Procrrpines will aim especially to secure 
prompt publication of original announcements of discoveries and wide circulation of 
the results of American research among investigators in other countries and in all 
branches of science. 


Articies should be brief. The viewpoint should be comprehensive in giving the 
relation of the paper to previous publications of the author or of others and in ex- 
hibiting, where practicable, the significance of the work for other branches of science. 
Elaborate technical details of the work and long tables of data should be avoided, 
but authors should be precise in making clear the new results and should give some 
record of the methods and data upon which they are based. 


Manuscripts should be prepared with a current number of the ProceEpDINGs as a 
model in matters of form, and should be typewritten in duplicate with double spac- 
ing, the author retaining one copy. [Illustrations should be confined to text figures 
of simple character, though more elaborate illustration may be allowed in special 
instances to authors willing to pay for their preparation and insertion. Particular 
attention should be given to arranging tabular matter in a simple and concise 


manner. 


Manuscripts will be accepted only from members of the Academy who will as- 
sume responsibility for the propriety and scientific standards of the paper and for 
any printing costs in excess of those allowed them by the Academy. Manuscripts 
should be addressed to THe ProcrEDINGs OF THE NATIONAL ACADEMY OF SCIENCES, 
2101 Constitution Ave., Washington 25, D. C. 


GALLEY PROOF will be sent, with the understanding that charges for author’s cor- 
rections shall be billed to him. Authors should therefore make final revisions on the 
typewritten manuscripts. Original artwork or figures will be returned if requested 
oye the manuscript is submitted. Because of time limitations, page proofs will 
not be sent. 


Reprints should be ordered when proof is returned, on the reprint order form 
which will be enclosed with the proof. They will be furnished at cost, approxi- 
mately as follows: 


SCHEDULE OF REPRINT RATES (POSTAGE NOT INCLUDED) 


up lo 4 pp. up to 8 pp. up to 12 pp. Standard Covers 
50 $ 7.85 ‘ $6.90 
100 8.95 i 25.60 8.40 


150 10.10 28.95 9.95 
add’! 100’s 2.20 : 6.60 3.05 





CONTENTS 


BIocHEMISTRY.—ON THE MECHANISM OF ACTION oF THE ANTIDIURETIC HoRMONE 
(VASOPRESSIN). . 
By Conrad T. O. Fong, ‘Learence Silver, “David ‘R. Clrietnan, ond Irving L. Schwartz 
B1OCHEMISTRY.—STUDIES ON THE MECHANISM OF ACTION OF VASOPRESSIN. . 
.By Howard Rasmussen, Irving L. Schwartz, Mary Anne Bchoosster, ‘ond 
Gerty Hochster 
BriocHEMISTRY.—RELATION OF CHEMICAL ATTACHMENT TO PHYSIOLOGICAL ACTION OF 
VASOPRESSIN. . .By Irving L. Schwariz, 
Howard Shismusemn: Mary peer Sdbede. Linton Silver, and Conrad T. O. Fong 
BrocueMistry.—Nvucieic Actps AND Meprtats, II: Transition Merats as Durar- 
MINANTS OF THE CONFORMATION OF Rrponucieic Actps. . By Keiichiro Fuwa, 
Warren E. C. Wacker, Robert Druyan, Anthony F. Bartholomay, and Bert L. Vallee 
BIOCHEMISTRY.-—SPIN RESONANCE Stupy OF SEROTONIN-FMN INTERACTION. . 
.By I. Isenberg, A. Szent-Gyérgyi, and 8. L. Baird, Je. 
Brocumarsrev. —MaMnatzan M®8THYLMALONYL IsOMBRASE AND VITAMIN By CoBNZYMES. 
. By Peter Lengyel, Rajarshi Mazumder, and Severo Ochoa 
Brocummasray. —BIOTIN AND PropioNYL CARBOXYLASE. . 
: . By Yoshito Kaziro, Enzo Leoni, ond Suveve Ochoa 
BrocHEMISTRY. _—~Tam Funcron OF Acerats IN PHOTOSYNTHESIS BY GREEN BACTERIA . 
; .By W. R. Sadler and R. Y. Stanier 
BrocHaansrey. —~On THE s ExBcrnon Donamna PROPERTIES OF INDOLES ‘ 
. . . By Albert Szent-Gyérgyi and Irvin Ieuberg 
BrocHEMISTRY. —Tus Funcrion or RNA 1n T2-Inrecrep Bacrmria . By Elliot Volkin 
BrocHeMistry.—A CoMPARISON OF ANIMAL HEMOGLOBINS BY TRYPric PuprTipe ParreRN 
Anatysis . . .  .By Emile Zuckerkandl, Richard T. Jones, and Linus Pauling 
Cusmistry.—Tae Kinetics or DouBLs Hex ForMATION FROM POLYRIBOADENYLIC Acrip 
AND Po.tyripouripytic Acip. . . By Philip D. Ross and Julian M. Sturtevant 
Cuemistry.—Txse CrystaL SrrucrurB or TBRRAMYCIN HYDROCHLORIDE . . 
. By Y. Takéuchi and M. J. Duero 
GENBTICS. —Porunation Sropims IN PRapomINANTLY Setr-Po.uinaTep Spscrigs, I. 
EvipENCE FOR HetprozyGore ADVANTAGE IN A CLOSED POPULATION OF BARLEY , 
eg . By 8S. K. Jain and R. W. Allard 
Ganarics. —Ganeric Cowrrot OF ‘Sarum TRANSFERRIN Type 1n Mics. By D. C. Shreffler 
Maruematics.—A Nors on Loca Properties or SoLuTions or Exuipric DirFBRENTIAL 
EQUATIONS .. . . . By A. P. Calderén and A. Zygmund 
MATHEMATICS. —Dsonas OF APPRoxIMATION BY Bounpgp Harmonic FuNcrions . 
a a a Se a ee 
Paysics.—Critiquz or Critica, Tapes... . . . .By P. W. Bridgman 
Paysics.—Tue Spectar CANONICALGROUP . . . . .  . By Julian Schwinger 
PuystoLocy.—Oppos!TtE M&cHANICAL RESPONSES OF Tontc Musc.ies To ACETYLCHOLINE 
STiMuLATION IN Non-Ionic AND Ionic SOLUTIONS. 
. By M. R. Swift, H. P. Gordon, and W. @. Van der Kloot 








